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FOREWORD 
 
This dissertation was written and prepared in a manuscript format and it is 
composed of six manuscripts. The six manuscripts were written based on data 
collected from the five studies that were conducted to test the hypotheses and achieve 
the objectives of thesis research. The first manuscript was written based on data 
obtained from the first in vitro study. The second and third manuscripts were written 
based on data obtained from the second study. The fourth manuscript was written 
based on data collected from the third pilot study. The fifth manuscript was written 
based on results from the fourth study. The sixth manuscript was written based on 
data collected from the fifth in vitro study. The first manuscript has been published in 
Animal Feed Science and Technology, whereas the second manuscript has been 
published in the Journal of Animal Science. The fifth and sixth manuscripts are in 
preparation for publication. Authors to the published manuscripts are as follows: first 
manuscript – J. W. Lee, R. Patterson, and T. A. Woyengo; second manuscript – J. W. 
Lee and T. A. Woyengo. In this dissertation, the manuscripts were written and 
prepared in accordance to the guidelines for the Journal of Animal Science 
manuscript preparation. 
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ABSTRACT 
OPTIMIZATION OF CANOLA CO-PRODUCT UTILIZATION IN SWINE 
JUNG WOOK LEE 
2019 
 
Canola co-products have a high content of fiber and glucosinolates. Fiber 
reduces nutrient utilization in pigs, whereas glucosinolates are degraded to toxic 
products, which interfere with liver, kidney and thyroid functions. Negative effects of 
fiber can potentially be alleviated by fiber-degrading enzymes, whereas negative 
effects of glucosinolates in pigs can potentially be alleviated through reduction in 
hindgut pH. However, there is a lack of information on effects of supplemental fiber-
degrading enzymes on digestion and fermentation characteristics of canola co-
products for pigs. Also, there is limited information on effects of reducing hindgut pH 
on toxicity of glucosinolates in pigs. Four experiments were conducted to fill these 
gaps in knowledge. The first experiment investigated effects of supplementing canola 
co-products with fiber-degrading enzymes on porcine in vitro digestion and 
fermentation of canola co-products. Supplemental fiber-degrading enzymes increased 
in vitro digestibility of canola co-products. The second experiment investigated 
effects of increasing levels of cold-pressed canola cake (CPCC) in diets for pigs from 
0 to 40% on growth performance, organ weights, blood thyroid hormone levels. 
Growth performance, metabolic activity in liver and thyroid functions were negatively 
affected by dietary inclusion of CPCC at 40%. The third experiment investigated 
effects of reducing hindgut pH through dietary inclusion of high-amylose cornstarch 
(HA-starch) on the fore-mentioned response criteria and cecal concentration of 
glucosinolate degradation products in pigs fed diets that contained 40% CPCC. Dietary 
 
xvi 
CPCC increased thyroid gland weight of pigs fed HA-starch-free diet, but not of pigs 
fed HA-starch-containing diet. Inclusion of HA-starch in CPCC-based diets increased 
isothiocyanate production in cecal digesta of pigs. However, nitriles were undetected in 
cecal digesta of pigs fed CPCC-based diets. Thus, the fourth experiment was conducted 
to determine effects of reducing pH on composition of glucosinolate degradation 
products in canola co-products using porcine in vitro fermentation technique. 
Reduction in fermentation medium pH from 6.2 to 5.2 increased production of indole-
3-acetonitriles. In conclusion, the results demonstrated that fiber-degrading enzymes 
can be supplemented to canola co-products-based diets for pigs to improve efficiency of 
nutrient utilization and that toxicity of canola glucosinolates can be alleviated through 
reduction in pH of hindgut of pigs.  
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CHAPTER ONE 
 
GENERAL INTRODUCTION 
 
Canola co-products are the second most commonly used sources of amino 
acids (AA) after soybean meal (SBM) in swine diets (Woyengo et al., 2014a). 
Generally, oil is extracted from canola seeds by solvent extraction, expeller or cold 
pressing method. Solvent extraction is the most widely used method of oil extraction 
followed by expeller pressing, and then cold pressing. Thus, solvent-extracted canola 
meal (SECM) is the most widely fed canola co-product followed by expeller-pressed 
canola meal (EPCM). However, cold-pressed canola cake (CPCC) is increasingly 
becoming available for livestock feeding because cold pressing does not involve the 
use of thermal or chemical treatment, and the demand for natural food products such 
as cold-pressed oil has increased over the past few years (Siger et al., 2008). Inclusion 
of canola co-products in diets for pigs can be limited by their high content of fiber and 
glucosinolates, which reduces dietary nutrient utilization (Bell, 1993). Thus, there is a 
need to alleviate the negative effects of fiber and glucosinolates in canola co-products 
in order to optimize their utilization in the formulation of swine diets. 
The negative effects of fiber can be alleviated through supplementation with 
fiber-degrading enzymes that target fiber present in canola co-products. 
Supplementation of SECM-based diets for broilers with multi-enzyme that targets 
most of the fiber in canola did not affect nutrient digestibility (Kocher et al., 2000; 
Meng and Slominski, 2005). However, supplementation of full-fat canola seed-based 
diets for broilers with multi-enzyme that targets most of the fiber in canola improved 
nutrient digestibility (Meng et al., 2006). Khajali and Slominski (2012) attributed the 
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increased energy digestibility for full-fat-based diet, but not for canola meal-based 
diet to the release of oil from cells of full-fat canola seed by fiber-degrading enzymes 
because the oil-containing cells of full-fat canola seed are intact, whereas oil-
containing cells of canola meal are ruptured during the process of oil extraction. Thus, 
supplemental fiber-degrading enzymes potentially have a greater effect on CPCC than 
on SECM with regard to enhancing nutrient availability. This is because cold pressing 
is a less efficient method of oil extraction, and hence CPCC may contain some oil-
containing cells that are intact (Spragg and Mailer, 2007). However, there is a lack of 
information on the effects of supplemental fiber-degrading enzymes on digestion and 
fermentation characteristics of canola co-products for pigs.  
Glucosinolates are degraded by dietary myrosinases and gastrointestinal 
microorganisms to various products that reduce nutrient utilization by interfering with 
liver and thyroid gland functions (Bones and Rositer, 2006). Canola co-product-
derived glucosinolates can be classified into 2 major groups; aliphatic and aromatic 
glucosinolates (Halkier and Gershenzon, 2006). The toxicity of glucosinolates varies 
depending on whether they are aliphatic or aromatic (side-chain R groups); aliphatic 
glucosinolates are considered to be more toxic than aromatic glucosinolates (Nishie 
and Daxenbichler, 1980; Vermorel et al., 1986). Aromatic glucosinolates are more 
heat-labile than aliphatic glucosinolates (Jensen et al., 1995). Thus, CPCC contains 
more aromatic and hence total glucosinolates than EPCM or SECM because CPCC is 
exposed to less heat than EPCM or SECM during the process of oil extraction 
(Spragg and Mailer, 2007). A dietary level of glucosinolates that pigs can tolerate has 
been reported; it is 2.50 µmol/g (Woyengo et al., 2017). However, this tolerable level 
of glucosinolates in diets for pigs was determined mainly based on the results from 
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previous studies in which pigs were fed SECM- or EPCM-based diets. It is not known 
whether the tolerable level of glucosinolates in CPCC-based diets is similar or 
different from that in SECM- and EPCM-based diets for pigs. Thus, there is a need to 
fill this gap in knowledge.  
In addition to the type of glucosinolates (aliphatic versus aromatic), the 
toxicity of glucosinolates varies depending on the composition of their degradation 
products in the gastrointestinal tract (GIT; Fahey et al., 2001). The composition of 
glucosinolate degradation products is dependent on various factors including the pH 
of incubation medium, and the presence of epithiospecifier protein (ESP; a non-
catalytic cofactor of myrosinase) and ferrous ions in the incubation medium (Cartea 
and Velasco, 2008; Agerbirk et al., 2009). Of these factors, the pH (of the GIT) is the 
major factor that affects the composition of glucosinolate degradation products in the 
GIT of pigs fed practical diets because of the following 2 reasons. First, the ESP is 
susceptible to heat (is inactivated by heat at 60°C; Matusheski et al., 2004), and thus, 
the ESP present in canola seed is inactivated during oil extraction. Second, ferrous 
ions are available in the GIT of pigs because feedstuffs used to formulate practical 
swine diets contain iron (Liu et al. 2014), and swine diets are supplemented with iron-
containing mineral premixes to meet iron requirements.  
Low GIT pH favors the degradation of glucosinolates to less toxic products 
(Agerbirk et al., 1998; Bernardi et al., 2003). Fermentable dietary fiber is poorly 
digested in the small intestine but highly fermented in the large intestine of pigs, 
leading to increased production of volatile fatty acids (VFA) and hence reduced 
hindgut pH of pigs (Birt et al., 2013). Thus, highly fermentable dietary fiber could be 
included in swine diets to reduce the toxicity of glucosinolate degradation products in 
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the hindgut. However, there is a lack of information on the effects of including highly 
fermentable dietary fiber such as resistant starch in canola co-products-based diets on 
the hindgut pH and glucosinolates-induced toxicity in pigs.    
It was hypothesized that: (1) supplemental fiber-degrading enzymes are more 
effective in CPCC-based diet than in SECM- or EPCM-based diets with regard to 
improving nutrient utilization; (2) the tolerable level of glucosinolates in CPCC-based 
diets is different from what has been reported for SECM- and EPCM-based diets; and 
(3) the toxicity of canola co-product glucosinolates in pigs can be alleviated by 
reducing hindgut pH through dietary inclusion of resistant starch. The main objective 
of this thesis research was to develop nutritional strategies that contribute towards the 
optimization of utilization of canola co-products in diets for nursery pigs.  
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CHAPTER TWO 
 
LITERATURE REVIEW 
 
2.1 Canola 
 Canola is an oilseed crop of Brassica family, which was developed from 
rapeseed through breeding (Bell, 1993; Woyengo et al., 2014a). Canola has a low 
content of glucosinolates (less than 30 µmol/g), and its oil has a low content of erucic 
acid (less than 2%; Newkirk, 2009). In Europe, canola is also known as double-zero 
rapeseed to distinguish it from conventional rapeseed, which has a high content of 
erucic acid and glucosinolate (Shahidi, 1990). Global production of rapeseed and 
canola seeds is projected to increase up to 70 million metric tons (USDA, 2019). 
Various species of canola including Brassica napus, Brassica juncea, and Brassica 
rapa are grown for the production of oil. Of these species of canola, B. napus is the 
most widely cultivated canola species in North America and Australia (Woyengo et 
al., 2014a), whereas B. juncea is a new species of canola that was genetically 
developed to grow well in drier environments of North America (Gan et al., 2007). 
The B. rapa has been cultivated in northern Europe and Asia (Sovero, 1993). Oil is 
extracted from canola seeds mainly for human food consumption and biofuel industry 
(Raymer, 2002). After canola seed oil extraction, the resulting meals (canola co-
products) are available for livestock feeding. The canola co-products have a high 
content of protein and are the second most widely used source of AA (after soybean 
meal) in swine diets (Woyengo et al., 2014a). Thus, it is of great importance to 
optimize the utilization of canola co-products in diets fed to swine.  
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2.2 Canola Co-products 
There are 3 major methods of extracting oil from canola seeds; solvent 
extraction, expeller pressing, and cold pressing (Spragg and Mailer, 2007). When 
canola oil is solvent-extracted, canola seeds are flaked and steam-heated up to 85°C 
for 20 to 40 min to rupture oil-containing cells present in canola seeds. The cooked 
seeds are screw-pressed to release some oil, and solvent-extracted using hexane to 
remove most of the remaining oil, and then further desolventized and toasted after oil 
extraction (Unger, 1990; Mustafa et al., 2000; Spragg and Mailer, 2007). During 
expeller pressing, canola seeds are also flaked and screw-pressed as previously 
described for the solvent extraction method, however, the seeds are not solvent-
extracted using hexane, and hence the resulting meal is not desolventized and toasted 
(Spragg and Mailer, 2007). Cold pressing method is the same as expeller pressing 
except that the seeds are not cooked prior to pressing and relatively less pressure is 
applied during oil extraction by the cold pressing method to ensure that the meal 
temperature is maintained at approximately 50 to 60°C (Leming and Lember, 2005). 
Thus, of these 3 methods of oil extraction, solvent extraction is most efficient 
followed by expeller pressing, and then cold pressing. Cold pressing is relatively  a 
new method of oil extraction, which results in the production of chemical-free oil that 
has natural flavor. Solvent extraction and expeller pressing are the most widely 
utilized methods for oil extraction (Leming and Lember, 2005; Spragg and Mailer, 
2007). Solvent extraction, expeller pressing and cold pressing result in the production 
of solvent-extracted canola meal (SECM), expeller-pressed canola meal (EPCM), 
and cold-pressed canola cake (CPCC), respectively, which are available for livestock 
feeding. In North America, solvent extraction method is the most conventional 
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method of extracting oil from canola seeds, and hence SECM is the most 
commercially available canola co-product (Canola Council of Canada, 2015). 
However, CPCC is increasingly becoming available for livestock feeding, mainly due 
to rising demand for natural oil products over the past few years (Siger et al., 2008). 
Also, small-scale extractors that are used to extract oil by the cold pressing method 
are relatively cheap. In addition to rising demand and inexpensive production cost, it 
is environmentally safer to obtain oil from canola seeds using the cold pressing 
method than the solvent extraction because cold pressing method does not involve 
thermal or chemical treatment. 
Nutrient composition and energy values of canola co-products and 
conventional solvent-extracted soybean meal are presented (Table 2.1). Canola co-
products contain less CP and hence indispensable and dispensable AA, but greater EE 
and fiber (ADF and NDF) than conventional soybean meal. Generally, CPCC 
contains less CP, ADF, NDF, but more EE than SECM and EPCM. The greater EE 
content for CPCC than for other canola co-products is explained by the fact that cold 
pressing is a less efficient method of oil extraction than solvent extraction or expeller 
pressing. The lower NDF content of CPCC than other canola co-products is attributed 
to the fact that CPCC has a high content of residual oil, which dilutes the 
concentration of other components in CPCC. The digestible energy (DE) and net 
energy (NE) values for CPCC are highest, followed by EPCM and then SECM. The 
greater DE and NE values for CPCC than for EPCM or SECM is attributed to higher 
residual oil content and lower fiber content in CPCC than in other canola co-products. 
Thus, nutrient composition, energy digestibility, and hence energy values of canola 
co-products can vary depending on the oil extraction method. Furthermore, CPCC is 
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potentially not only an excellent source of AA but also a great energy source than 
SECM or EPCM due to its high residual oil and low fiber content.  
Canola co-products contain various antinutrients including fiber, 
glucosinolates, phytic acid, sinapine, and tannins (Woyengo et al., 2014a). Of these 
anti-nutritional factors, fiber and glucosinolates are the major antinutrients, which 
limit the inclusion of canola co-products in diets for pigs (Bell, 1993; Mejicanos et al., 
2016). Thus, it is critical to alleviate the negative effects of fiber and glucosinolates 
on growth performance and the efficiency of nutrient utilization in pigs. 
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Table 2.1. Nutrient composition and energy values of canola co-products (% DM basis)1 
 
 
 
 
 
 
 
 
1Values for digestible energy and net energy (kcal/kg) were adapted from Seneviratne et al. (2011a) and NRC (2012).  
2SECM = Solvent-extracted canola meal; EPCM = Expeller-pressed canola meal; CPCC = Cold-pressed canola cake; SBM = 
Soybean meal. 
3Adapted from NRC (2012). 
4Adapted from Woyengo et al. (2016a). 
  
  Content, % Energy, kcal/kg 
Feedstuff2  Moisture CP EE NDF ADF DE NE 
SECM3 8.67 41.1 3.53 24.8 16.9 3,584 2,069 
EPCM3 6.89 37.8 10.7 25.5 18.9 4,059 2,525 
CPCC4 12.7 29.6 23.1 17.6 13.1 5,080 3,550 
SBM3 10.0 53.6 1.71 9.23 5.93 4,067 2,345 
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2.3 Dietary Fiber 
Dietary fiber is defined as indigestible carbohydrates by endogenous enzymes 
of animals (AACC, 2001). Dietary fiber present in plant feedstuffs is composed of 
non-starch polysaccharides (NSP) and noncarbohydrate components such as lignin 
and tannins (phenolic polymers; Theander et al., 1989; Jha and Berrocoso, 2016). The 
NSP are complex polysaccharides that are not linked by a-(1-4) glycosidic bonds 
(Englyst and Englyst, 2005) and hence the reason why they are poorly digested by 
small intestinal digestive enzymes. However, the NSP may be fermented by 
microorganisms in the hindgut of pigs. The NSP can be classified into 2 major 
groups; cell wall and non-cell wall components. Cell wall NSP include cellulose, 
arabinoxylans, b-glucans, xyloglucans, arabinogalactans, galactans, and 
rhamnogalacturans, whereas non-cell wall NSP include fructans, mannans, pectins, 
and galactomannans (Bach Knudsen, 1997; Montagne et al., 2003; Bach Knudsen, 
2011). Cereal grains and cereal co-products that are commonly used for formulating 
animal feeds are rich in arabinoxylans, b-glucans, and cellulose (Bach Knudsen, 
2014). In canola co-products, dietary fiber consists of cellulose; non-cellulosic NSP 
including xylans, xyloglucans, arabinans, arabinogalactans, and galactomannans 
(Slominski and Campbell, 1990); and lignin. Dietary fiber can be grouped into soluble 
and insoluble fiber based on its physicochemical properties (water-holding capacity). 
Soluble fiber includes β-glucans, pectins, and gums, whereas insoluble fiber includes 
cellulose and lignin (Dikeman and Fahey, 2006).  
The NSP content and composition of component sugars of NSP for SECM and 
soybean meal are presented in Table 2.2. Soybean meal and SECM are similar in 
cellulose and noncellulosic NSP, and hence total NSP. However, SECM contains 
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more dietary fiber than SBM because of its greater lignin and tannin content. The 
greater lignin and tannin content in SECM than soybean meal is due to the fact that 
canola seeds have thicker seed coats (hulls) than soybean seeds, and that the hulls are 
highly lignified (Slominski et al., 2012). Furthermore, soybean meal is dehulled (Stein 
et al., 2008). The SECM contains less soluble NSP than soybean meal because the 
NSP in the seed coats for canola are highly lignified (Slominski and Campbell, 1990). 
With regard to NSP component sugars of NSP in SECM and soybean meal, SECM 
contains more arabinose, glucose, and uronic acids, but less mannose and galactose 
than soybean meal, which is due to the fact that arabinan and pectic-like substances 
(rhamnogalacuronans) are the major noncellulosic NSP present in SECM, whereas 
pectins are the major noncellulosic NSP present in soybean meal. Arabinose is 
derived from arabinan, glucose from cellulose, and uronic acids from pectic-like 
substances (Slominski and Campbell, 1990). Soluble fiber results in increased digesta 
viscosity, leading to limited accessibility of digestive enzymes to nutrients (Mariscal-
Landin et al., 1995). For instance, Gallaher et al. (1999) reported increased digesta 
viscosity of rats due to dietary inclusion of β-glucans at 4 g/kg. The reduction in the 
interactions between digestive enzymes and nutrients results in reduced digestion and 
absorption of nutrients by animals (Owusu-Asiedu et al., 2006).  
 
 
12 
Table 2.2. Non-starch polysaccharide (NSP) content of conventional solvent-
extracted canola meal (SECM) and soybean meal (% DM basis) 
Item, % SECM1 Soybean meal2 
NSP3   
Cellulose 5.7 5.9 
Noncellulosic NSP 14.5 15.1 
Soluble NSP 1.8 5.8 
Insoluble NSP 18.4 15.2 
Lignin 7.1 1.8 
NSP component sugars    
Arabinose 4.6 2.6 
Xylose 1.8 1.7 
Mannose 0.5 1.3 
Galactose 1.6 4.2 
Glucose 6.0 0.6 
Uronic acids 5.4 4.5 
Total NSP 20.2 21.0 
1Adapted from Bach Knudsen (2014). 
2Adapted from Slominski et al. (2012). 
3NSP = non-starch polysaccharides.   
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For instance, Jørgensen et al. (1996) observed reduced apparent ileal digestibilities of 
CP, starch, OM, and energy of growing pigs fed barley-based diets due to dietary 
inclusion of pectins at 25 g/kg. Also, Lizardo et al. (1997) observed reduced apparent 
ileal digestibilities of DM, OM, GE, starch, and NDF in nursery pigs fed wheat-based 
diets due to dietary inclusion of sugar beet pulp at 120 g/kg. Soluble fiber is 
fermented more rapidly than insoluble fiber, thereby producing relatively greater 
volatile fatty acids (VFA) in the hindgut and promoting the growth of beneficial 
bacteria (Jha and Berrocoso, 2016). Insoluble fiber results in decreased retention time 
of digesta, leading to limited time of interaction between enzymes and their substrates 
(Wenk, 2001). For instance, Wilfart et al. (2007) reported decreased mean retention 
time of digesta of growing pigs fed wheat-barley-soybean meal-based diets in the 
gastrointestinal tract due to dietary inclusion of wheat bran at 40% (total dietary fiber 
content of 270 g/kg DM). Also, Le Goff et al. (2002) observed a numerical decrease 
in the mean retention time of digesta in the gastrointestinal tract of growing and 
finishing pigs; a significant decrease in the mean retention time of digesta of sows fed 
wheat-based diets due to dietary inclusion of wheat bran at 27% and reported reduced 
total tract digestibility coefficients of DM, OM, and NDF; DE values for diets in 
growing and finishing pigs; sows due to inclusion of 27% wheat bran in wheat-based 
diets. From these studies, it is apparent that soluble NSP decrease nutrient 
digestibility by increasing the viscosity of digesta, whereas insoluble NSP decrease 
nutrient digestibility by decreasing the retention time of digesta in the gastrointestinal 
tract of pigs.  
The effects of canola meal fiber on energy and nutrient digestibility in pigs 
have been investigated. De Lange et al. (1998) reported increased DE value of barley-
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based diet for pigs by 6% due to the replacement of 20% hulled canola meal in the 
diet with partially dehulled canola meal. Also, Zhou et al. (2013) reported increased 
ATTD of DM and GE for wheat-based diets of pigs by 4 and 3%, respectively, due to 
replacement of 20% air-classified high-fiber fraction of canola meal (that contained 
31.5% NDF) with air-classified low-fiber fraction of the canola meal (that contained 
20.6% NDF). Additionally, Zhou et al. (2015) reported increased ATTD of GE (by 
2.2%) and SID of indispensable AA (by a mean of 3.3%) for wheat-barley-based diets 
of growing pigs due to replacement of 40% air-classified high-fiber fraction of canola 
meal (that contained 24.9% NDF) with air-classified low-fiber fraction of the canola 
meal (that contained 18.6% NDF). Thus, canola meal fiber reduces energy value and 
nutrient digestibility of diets for pigs.   
Fiber-degrading enzymes can be included in canola meal-based diets for pigs 
to potentially increase the digestibility of fiber and other nutrients. This is because 
fiber-degrading enzymes can hydrolyze fiber (Adeola and Cowieson, 2011), thereby 
increasing energy and nutrient digestibilities of fibrous diets for pigs (Zijlstra et al., 
2010). For instance, Sanjayan et al. (2014) reported improved ATTD of DM and GE; 
and DE value of wheat-SBM-based diets for nursery pigs that contained 25% canola 
meal by 5, 4, and 4%, respectively, due to carbohydrase supplementation that 
supplied pectinase, cellulase, xylanase, glucanase, mannanase, galactanase, invertase, 
protease, and amylase. However, Zijlstra et al. (2004) reported that supplemental 
xylanase and β-glucanase did not affect apparent digestibility of DM and energy in 
nursery pigs fed wheat-based diets that contained 25% canola meal, which could be 
attributed to the fact that the enzyme product used in this study did not contain 
enzymes that target NSP present in canola co-products. In poultry, Meng and 
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Slominski (2005) reported increased digestibility of NSP (by 122%), but not of fat 
and other nutrients in broilers fed corn-based diets containing 30% canola meal due to 
supplemental multicarbohydrase that contained xylanase, glucanase, pectinase, 
cellulase, mannanase, and galactanase. However, Meng et al. (2006) reported 
increased digestibility of NSP and fat in broilers fed corn-soybean meal-based diets 
containing 15% full-fat canola seed by 100 and 11%, respectively, due to 
supplemental multicarbohydrase that contained cellulase, pectinase, xylanase, and 
glucanase. The increase in fat digestibility in canola seed, but not in canola meal due 
to multi-enzyme supplementation has been attributed to the presence of intact oil-
containing cells in canola seed, but not in canola meal. Canola meal does not contain 
intact oil-containing cells because these cells are ruptured during oil extraction 
(Khajali and Slominski, 2012). The CPCC has more intact cells than SECM (Spragg 
and Mailer, 2007), implying that fiber-degrading enzymes can be more effective in 
CPCC-based diets than in SECM-based diets. However, there is limited information 
on interactions between fiber-degrading enzymes and canola co-product type on 
nutrient digestibility in pigs. Thus, further research is warranted to fill this gap in 
knowledge. 
 
2.4 Glucosinolates 
 Glucosinolates are secondary plant metabolites, which are composed of b-D-
thioglucose, a sulphonated oxime and side-chain groups (Cartea and Velasco, 2008) 
that contain various amino acids (Giamoustaris and Mithen 1996). Glucosinolates are 
biosynthesized in 3 major steps; side chain elongation, glucone biosynthesis, and side 
chain modification (Fahey et al., 2001). Glucosinolates can be classified into 2 major 
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chemical groups; aliphatic and aromatic glucosinolates depending on amino acids that 
participate in the biosynthesis of glucosinolates (Cartea and Velasco, 2008). Aliphatic 
glucosinolates are biosynthesized from alanine, isoleucine, leucine, methionine, or 
valine, whereas aromatic glucosinolates are derived from tyrosine, phenylalanine or 
tryptophan (Giamoustaris and Mithen, 1996; Ishida et al., 2014). In Napus canola co-
products, progoitrin and gluconapin are the major aliphatic glucosinolates, whereas 4-
hydroxyglucobrassicin is the dominant aromatic glucosinolates. The major aliphatic 
and aromatic glucosinolates present in Juncea canola co-products are gluconapin and 
4-hydroxyglucobrassicin, respectively (Slominski et al., 2012). Toxicity of 
degradation products that are derived from aliphatic glucosinolates is greater than that 
derived from aromatic glucosinolates (Nishie and Daxenbichler, 1980; Vermorel et 
al., 1986). 
 Total, aliphatic and aromatic glucosinolate contents in canola co-products are 
presented in Table 2.3. Of these canola co-products, Juncea canola co-products have a 
greater content of total and aliphatic glucosinolates, but a lower content of aromatic 
glucosinolates than Napus canola co-products. Within Napus canola co-products, 
EPCM or CPCC contain more total glucosinolates than SECM. The lower total 
glucosinolate content in SECM than in EPCM or CPCC is attributed to the fact that 
SECM is desolventized and toasted (Newkirk and Classen, 2002), whereas EPCM or 
CPCC is not subjected to desolventization and toasting during the process of oil 
extraction (Spragg and Mailer, 2007). The SECM is subjected to heat during the 
desolventization and toasting process, leading to degradation of heat-labile 
glucosinolates (Newkirk and Classen, 2002).   
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Table 2.3 Total, aliphatic and aromatic glucosinolate contents in canola co-products for pigs 
 
1SECM=Solvent-extracted canola meal; EPCM= Expeller-pressed canola meal; CPCC= Cold-pressed canola cake. 
Item1 
Glucosinolate content References 
Mean Range  
Total, glucosinolates, µmol/g       
Napus SECM 6.02 3.70-8.60 King et al. (2001), Newkirk et al. (2003), Seneviratne et al. (2011a), Landero et al. (2011), Sanjayan et al. (2014), Smit et al. (2014), Parr et al. (2015). 
Napus EPCM 10.7 9.27-15.3 Newkirk et al. (2003), Seneviratne et al. (2011a), Woyengo et al. (2011), Landero et al. (2012), Sands et al. (2013), Velayudhan et al. (2017). 
Napus CPCC 11.9 11.1-12.7 Thacker and Petri (2009), Zhou et al. (2016). 
Juncea SECM 13.9 10.8-17.2 Slominski et al. (2012), Landero et al. (2013), Smit et al. (2014). 
Aliphatic glucosinolates, µmol/g  
Napus SECM 4.86 3.02-6.16 Newkirk et al. (2003), Landero et al. (2011), Smit et al. (2014) Parr et al. (2015). 
Napus EPCM 7.66 4.85-10.6 Newkirk et al. (2003), Woyengo et al. (2011), Landero et al. (2012), Velayudhan et al. (2017). 
Napus CPCC 4.00 3.95-4.05 Thacker and Petri (2009), Zhou et al. (2016). 
Juncea SECM 12.1 10.4-14.1 Slominski et al. (2012), Landero et al. (2013), Smit et al. (2014). 
Aromatic glucosinolates, µmol/g 
Napus SECM 1.53 0.82-2.80 Newkirk et al. (2003), Landero et al. (2011), Smit et al. (2014), Parr et al. (2015). 
Napus EPCM 3.98 1.73-4.78 Newkirk et al. (2003), Woyengo et al. (2011), Landero et al. (2012), Velayudhan et al. (2017). 
Napus CPCC 7.45 6.69-8.21 Thacker and Petri (2009), Zhou et al. (2016). 
Juncea SECM 1.39 0.49-3.10 Slominski et al. (2012), Landero et al. (2013), Smit et al. (2014). 
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The lower aromatic glucosinolate content in SECM than in EPCM or CPCC is due to 
the fact that aromatic glucosinolates are more degradable by heat than aliphatic 
glucosinolates (Newkirk and Classen, 2002). Indeed, the reduction in the aromatic 
glucosinolate content was greater than that in the aliphatic glucosinolate content in 
rapeseed meal due to toasting (Jensen et al., 1995). The differences between SECM 
and EPCM or CPCC with regard to the aromatic glucosinolate content can be 
explained by the fact that the SECM is exposed to more heat than EPCM or CPCC 
during the process of oil extraction. Thus, it is apparent that total and individual 
contents of glucosinolates in canola co-products are dependent on canola species and 
oil extraction process. As previously mentioned, glucosinolate degradation products 
are toxic and hence they negatively affect nutrient utilization in animals. The negative 
effects of glucosinolates are discussed in the following sections. 
  
2.4.1 Effect of Glucosinolates on Performance, Organ Weights, and Thyroid 
Hormones 
The effects of increasing dietary level of glucosinolates through dietary 
inclusion of canola co-products on growth performance, voluntary feed intake of pigs 
have been evaluated in several studies. An increase in dietary level of glucosinolates 
from 0 to 0.56, 0.77, 1.13, 1.28, 1.74, 2.17, 2.22 or 2.60 µmol/g through dietary 
inclusion of Napus canola co-products did not affect BW gain and voluntary feed 
intake of pigs (Table 2.4). However, increasing the level of total glucosinolates from 
0 to 2.78 µmol/g in diets through dietary inclusion of Napus canola co-products 
reduced BW gain and voluntary feed intake of pigs.   
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Table 2.4 Effects of including canola co-products in diets for pigs on body weight gain and feed intake 
aSECM=Solvent-extracted canola meal; EPCM= Expeller-pressed canola meal; CPCC= Cold-pressed canola cake. 
bPositive values indicate that increase in the dietary level of canola coproducts resulted in increased body weight gain or feed intake of pigs. 
Negative values indicate that increase in the dietary level of canola coproducts resulted in decreased body weight gain or feed intake of pigs. 
cSignificant changes in body weight gain or feed intake of pigs due to an increase in the dietary level of glucosinolates due to inclusion of 
canola coproducts in diets. 
Co-producta Species Animal 
Dietary inclusion level  
Change in performanceb, 
g/d  
Canola co-
products, 
g/kg 
Glucosinolates 
(in diets), 
µmol/g  BW gain 
Feed 
intake References 
SECM Napus Nursery 150 0.56  -31 -24 Seneviratne et al. (2011a) 
SECM Napus Nursery 200 0.77  -23 +5 Landero et al. (2011) 
SECM Napus Grower-finisher 250 1.13  +77 +35 King et al. (2001) 
SECM Napus Nursery 150 1.28  +1 +13 Sanjayan et al. (2014) 
SECM Juncea Nursery 150 2.27  +2 +9 Sanjayan et al. (2014) 
SECM Juncea Nursery 240 2.60  -57c -84c Landero et al. (2013) 
SECM Napus Nursery 300 2.60  +20 -60 Parr et al. (2015) 
EPCM Napus Nursery 150 1.74  -39 -24 Seneviratne et al. (2011a) 
EPCM Napus Grower-finisher 75 1.74  -15 -44 Seneviratne et al. (2010) 
EPCM Napus Nursery 200 2.17  +1 -13 Landero et al. (2012) 
EPCM Napus Grower 300 2.78  -50c -163c Sands et al. (2013) 
EPCM Napus Grower 300 2.78  -60c -160c Velayudhan et al. (2017) 
CPCC Napus Nursery 200 2.22  +12 -12 Zhou et al. (2016) 
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With regard to Juncea canola co-products, an increase in dietary level of 
glucosinolates from 0 to 2.60 µmol/g through dietary inclusion of Juncea SECM 
reduced BW gain and voluntary feed intake of pigs. The effects of adding purified 
glucosinolates in diets for animals on growth performance have also been 
investigated. Bille et al. (1983) reported a 22 and 23% reduction in body weight gain 
and feed intake of growing rats, respectively, due to the consumption of a diet with 
purified progoitrin at 5 mg/g for 5 d. Similarly, Bjerg et al. (1989) observed a 7 and 
6% reduction in weight gain and feed intake of rats, respectively, in 10 d due to an 
increase in the level of total glucosinolates from 0 to 12.5 µmol/g through dietary 
inclusion of pure progoitrin. However, Vermorel et al. (1986) reported unaffected 
growth performance of growing rats during 29 d due to addition of pure 
glucobrassicin to the diet at 0.5 g/kg, which is be attributed to the fact that 
glucobrassicin, which is an aromatic glucosinolate, is less toxic than progoitrin, which 
is an aliphatic glucosinolate. 
From these studies, it is apparent that glucosinolates reduce growth 
performance of animals, and that an increase in the amount of glucosinolates in diets 
for pigs to the level above 2.60 µmol/g through dietary inclusion of Napus canola co-
products negatively affects BW gain and feed intake. However, the tolerance level of 
glucosinolates derived from Juncea SECM is less than that derived from Napus 
SECM by pigs, which can be partly explained by the greater content of aliphatic 
glucosinolates in Juncea SECM than in Napus SECM. Thus, further research is 
warranted to determine the optimal level of Juncea canola-derived glucosinolates in 
diets for pigs without reducing growth performance.  
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Results from previous studies on the effects of increasing amounts of 
glucosinolates in diets for pigs through dietary inclusion of canola co-products on 
organ weights and thyroid hormones are presented in Table 2.5. Increasing the level 
of total glucosinolates from 0 to 3.10 µmol/g in diets through dietary inclusion of 
Napus canola co-products did not affect liver weight relative to live BW. However, 
Napus canola-derived glucosinolates increased thyroid gland weight relative to live 
BW when dietary level of glucosinolates was increased from 0 to 2.10 µmol/g, 
implying that dietary level of glucosinolates that is required to increase metabolic 
activities of thyroid glands is less than that is required to adversely affect liver 
function in pigs. In addition to the enlargement of these organs, thyroid functions 
(synthesis of serum T3 and T4) were also negatively affected by dietary concentration 
of glucosinolates that is equal or greater than 2.78 µmol/g. Results from previous 
studies on the effects of including purified glucosinolates on organ weights have been 
reported. Bille et al. (1983) reported a 6, 20, and 110% increase in liver, kidneys, and 
thyroid gland weights of growing rats, respectively, due to the  of diets with purified 
progoitrin at 5 mg/g for 5 d. Also, Bjerg et al. (1989) reported a 4% increase in liver 
weight of rats during a 10-day feeding period due to an increase in the level of total 
glucosinolates from 0 to 12.5 µmol/g through dietary inclusion of purified progoitrin. 
Vermorel et al. (1986) similarly reported a 17, 9 and 34% increase in liver, kidneys, 
and thyroid gland weights of growing rats, respectively, during a 29-day feeding 
period due to the addition of purified progoitrin to the diet at 3 g/kg. However, in the 
same study, the addition of pure glucobrassicin to the diet at 0.5 g/kg did not affect 
organ weights of growing rats, likely because glucobrassicin is less toxic than 
progoitrin.  
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Table 2.5 Effects of including canola co-products in diets for pigs on organ weights and thyroid hormone concentrations 
aSECM = Solvent-extracted canola meal; EPCM= Expeller-pressed canola meal; CPCC= Cold-pressed canola cake. 
bPositive values indicate that an increase in the dietary level of canola coproducts resulted in increased organ weights and thyroid hormone 
levels of pigs. Negative values indicate that an increase in the dietary level of canola coproducts resulted in decreased organ weights and thyroid 
hormone levels of pigs. 
cSECM = Conventional solvent-extracted canola meal. 
dSECM = High-protein solvent-extracted canola meal. 
eSignificant changes in organ weights and thyroid hormone levels of pigs due to an increase in the dietary level of glucosinolates due to 
inclusion of canola coproducts in diets. 
 
Co-producta Animal 
Dietary inclusion level  
Changes in organ weights and thyroid 
hormone levelsb 
  
Canola co-
products, 
g/kg 
Glucosinolates 
(in diets), 
µmol/g  
Thyroid 
gland 
weght, g 
Liver, 
% of BW 
T3, 
ng/mL 
T4, 
ng/mL References 
SECM Grower-finisher 300 1.35  -0.4 - - - King et al. (2001) 
SECMc Nursery 300 2.60  +2.3e +0.01 -0.17 -2.0 Parr et al. (2015) 
SECMd Nursery 200 3.10  +1.0e +0.06 -0.31e -4.3e Parr et al. (2015) 
EPCM Grower 300 2.78  +0.1e -0.9 +0.2e +11.7e Velayudhan et al. (2017) 
EPCM Grower 200 2.10  +0.4e - - - Mullan et al. (2000) 
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This increase in liver, kidney, and thyroid gland weights of pigs fed canola 
coproducts-containing diets can be explained by the adverse effects of certain 
glucosinolates in the canola co-products on these organs. From the pig studies, it 
appears that dietary level of canola-derived glucosinolates that is less than 2.10 
µmol/g does not reduce liver and thyroid gland weights relative to live BW; thyroid 
hormone levels in serum.  
An increase in visceral organ weight is positively associated with an increase 
in metabolic activity in the same organ (Ferrell, 1988). An increase in metabolic 
activities in visceral organs results in increased energy expenditure by these organs at 
the expense of skeletal tissue deposition (Nyachoti et al., 2000). Thus, the increase in 
organ weights of pigs due to dietary inclusion of Napus canola co-products indicates 
increased utilization of dietary energy for the maintenance of these organs. 
Additionally, thyroid hormones are involved in the regulation of energy metabolism 
with the body, implying that the reduction in thyroid hormone synthesis negatively 
affects the growth and development of animals (Fisher et al., 1982; Hulbert, 2000). 
Thus, the increased organ weights and reduced thyroid hormone levels due to 
increasing dietary levels of canola co-products-derived glucosinolates can result in a 
reduction in the growth and development of pigs. The effects of glucosinolates on 
metabolism in liver, kidneys and thyroid glands vary depending on the composition of 
glucosinolate degradation products as discussed below. 
 
2.4.2 Effect of Glucosinolates on Swine Gut Microbiome  
A core microbiota of the gastrointestinal tract of pigs has been reported to 
contain 2 predominant phyla; Firmicutes and Bacteroidetes (Holman et al, 2017). 
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Bacteroidetes phylum is composed of gram-negative bacteria, whereas Firmicutes 
phylum is composed of gram-positive bacteria species (Gomes et al., 2014). The 
composition and distribution of microbiome in the hindgut of conventional pigs have 
been investigated. Kim et al. (2011) determined bacterial diversity in the feces of 
commercial pigs fed antibiotic-free corn-soybean meal based-diets from 10 to 16 
weeks of age, and observed that Prevotella, Anaerobacter, Streptococcus, 
Lactobacillus, Coprococcus, Sporacetigenium, Megasphaera, Subdoligranulum, 
Blautia, Oscillibacter, Faecalibacterium, Pseudobutyrivibrio, Dialister, Sarcina, and 
Roseburia were the most abundant genera found in feces of pigs, accounting for more 
than 59% of the total sequences at the genus level. Of these 15 abundant genera, 
Prevotella was the only genus belonging to Bacteroidetes. Prevotella was the most 
abundant genus at the initiation of the study and its relative abundance reduced as 
pigs matured. Anaerobacter was the most abundant genus at the termination of the 
study and its relative abundance increased as pigs aged. Holman et al. (2017) 
conducted a meta-analysis to determine a core microbiota for commercial pigs using 
20 published data sets, and observed that Clostridium, Blautia, Lactobacillus, 
Prevotella, Ruminococcus, Roseburia, and Subdoligranulum were the most abundant 
genera found in fecal samples regardless of country of origin, diet, age or breed of 
pigs. Of these 7 abundant genera, Prevotella was the only genus that belongs to 
Bacteroidetes. Guevarra et al. (2015) determined gut microbiota composition in the 
feces of commercial white breed pigs (Landrace) and black breed pigs (a breed line of 
domestic pigs developed in South Korea) fed corn-soybean meal-based diets from 3 
to 12 weeks of age, and observed that Prevotella and Treponema were the 2 genera 
that were most abundant in feces of white breed pigs, whereas Prevotella 
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predominated in feces of black breed pigs. In feces of white breed pigs, Firmicutes, 
Bacteroidetes, and Spirochaetes were the dominant phyla, accounting for 95% of the 
total sequences at the phylum level, whereas Firmicutes and Bacteroidetes 
predominated in feces of black breed pigs. Allen et al. (2011) determined bacterial 
diversity in the feces of commercial pigs fed corn-soybean meal based-diets from 3 to 
13 weeks of age, and observed that Prevotella, Oscillibacter, Treponema, 
Clostridium, and Streptococcus were the most abundant genera found in feces of pigs, 
accounting for more than 81% of the total sequences at the genus level. Of these 5 
abundant genera, Oscillibacter, Clostridium, and Streptococcus were belonging to 
Firmicutes. From these studies, it appears that the most abundant phylum of 
microorganisms in the gastrointestinal tract of pigs fed corn-soybean meal-based diets 
is Firmicutes, and that Streptococcus, Lactobacillus, Oscillibacter, and Clostridium 
are the predominant genera of microbes present in the lower gastrointestinal tract of 
pigs fed corn-soybean meal-based diets regardless of country, origin, age or breed of 
pigs. 
The effects of including canola meal in diets for pigs on hindgut microbial 
communities have been reported. Mejicanos et al. (2017) included 20% of canola 
meal in diets for nursery pigs that had weaned at 21 d of age, and observed a 108 % 
increase in the relative abundance of Lactobacillus and a 47, 39, and 37% decrease in 
the relative abundance of Bifidobacterium, Enterococcus, and Clostridium Custer IV 
(Clostridium, Eubacterium, Ruminococcus and Anaerofilum genera), respectively, in 
feces of nursery pigs at 21 d post-weaning. Of these abundant genera, Lactobacillus, 
Enterococcus, Clostridium, Eubacterium, Ruminococcus, and Anaerofilum were the 
abundant genera belonging to Firmicutes, whereas Bifidobacterium was the only 
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genus belonging to Actinobacteria. Also, Velayudhan et al. (2018) reported a 266 and 
177% increase in the relative abundance of Lactobacillus and Enterococcus, 
respectively, in feces of gestating sows on day 90 of gestation due to an increase in 
the level of fiber (NDF) from 88 to 132 g/kg and total glucosinolates from 0 to 2.73 
µmol/g through dietary inclusion of canola meal. Wu et al. (2019)  determined 
microbial communities in the colon of mice fed cornstarch-based diets from 10 to 11 
weeks of age, and observed a 12 and 5% increase in the relative abundance of 
Firmicutes and Bacteroidetes, respectively, in the colon of mice due to dietary 
inclusion of raw broccoli at 10%. They also observed a 14 and 9% increase in the 
relative abundance of Firmicutes and Bacteroidetes, respectively, in the colon of mice 
due to dietary inclusion of hydrolyzed broccoli at 10%. From these studies, it appears 
that dietary glucosinolates increase the relative abundance of Firmicutes in the 
gastrointestinal tract of animals. However, the mechanisms by which dietary 
glucosinolates could increase the abundance of Firmicutes in the gastrointestinal tract 
have not been reported.  
Gastrointestinal tract microbiota composition is strongly correlated with body 
weight. For instance, Ley et al. (2006) reported a reduction in Firmicutes to 
Bacteriodetes ratio in the gastrointestinal tract of obese humans due to a reduction in 
body weight. Ley et al. (2005) also reported a higher Firmicutes to Bacteriodetes ratio 
in obese mice than in lean mice. Also, Armougom et al. (2009) reported a greater 
relative abundance of Lactobacillus genus (belongs to Firmicutes) in feces of obese 
individuals than in feces of lean individuals. In the same study, the relative abundance 
of Bacteroidetes was lower in feces of obese individuals than in feces of lean 
individuals. Thus, the increased abundance of Firmicutes and Bacteriodetes is 
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associated with BW gain and weight loss, respectively. This is because Firmicutes is 
more efficient than Bacteroidetes with regard to the extraction of energy from diets, 
leading to greater availability of energy in the host harboring the former than the latter 
microorganisms (Kallus and Brandt, 2012). Thus, the presence of canola co-products-
derived glucosinolates in diets for pigs is expected to result in an increase in the 
abundance of microorganisms that promotes weight gain. 
 
2.4.3 Glucosinolate Degradation Products 
Glucosinolates are present in cellular compartments of plants and physically 
segregated from myrosinase (b-thioglucosidase glucohydrolase; EC 3.2.3.1) that is 
localized in the cytoplasm of myrosin cells (Thangsatd et al., 1991). Upon ingestion 
and disruption of plant tissues, glucosinolates are hydrolyzed by myrosinase present 
in canola co-products (dietary myrosinase; Cartea and Velasco, 2008). 
Gastrointestinal tract microorganisms also produce myrosinase that can degrade 
ingested glucosinolates (Bell, 1993). Glucosinolates are heat-labile and thus they can 
additionally be degraded by heat during the process of oil extraction from canola 
seeds (Newkirk and Classen, 2002; Hanschen et al., 2012). Finally, glucosinolates can 
be degraded nonenzymatically under acidic conditions (Bones and Rossiter, 2006). 
For instance, at acidic pH found in the stomach of pigs, glucosinolates are degraded to 
nitriles, which are absorbed in the stomach and upper part of the small intestine 
regardless of the presence of myrosinases (Frandsen et al., 2019). Thus, dietary 
glucosinolates can be degraded to toxic metabolites by (1) dietary myrosinase when 
myrosin cells are disrupted during ingestion or oil extraction (enzymatic degradation), 
(2) non-enzymatic degradation of glucosinolates under acid conditions (chemical 
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degradation), (3) microbial myrosinase in the lower part of the gastrointestinal tract 
(microbial degradation), and (4) heat that the seeds and meal are subjected to during 
oil extraction process (thermal degradation; Bones and Rositer 2006; Woyengo et al., 
2017). 
Intact glucosinolates themselves are non-toxic (anti-nutritional), but their 
products including isothiocyanates, thiocyanate, and nitriles are toxic (Cartea and 
Velasco, 2008). Of these glucosinolate degradation products, isothiocyanates have 
been the most widely studied due to their chemoprotective attributes in human 
nutrition (Fahey et al., 2001). Isothiocyanates have been shown to induce hepatic 
phase II detoxification enzymes including glutathione S-transferase and quinone 
reductase in rats (Fahey et al., 1997; Munday and Munday, 2004). However, 
isothiocyanates (2-hydroxy-3-butenyl isothiocyanates) that are derived from 
progoitrin cyclize to produce goitrin (Galletti et al., 2001). Goitrin interferes with 
iodine uptake by the thyroid gland (Felker et al., 2016), leading to reduced serum T4 
concentration in pigs. For instance, dietary goitrin supplementation at 200 mg/kg of 
diet reduced serum T4 level of rats by 60% (Kelley and Bjeldanes, 1995). Nishie and 
Daxenbichler (1980) reported a 12 and 10% increase in liver and thyroid gland 
weights of rats, respectively due to oral administration of goitrin at 200 mg/kg BW. 
Isothiocyanates (indole-3-methyl-isothiocyanates) derived from glucobrassicin are 
converted to indole-3-carbinol (Agerbirk et al., 1998). The indole-3-carbinol is 
degraded to thiocyanates, which impairs iodine uptake by the thyroid gland, leading 
to reduced synthesis of thyroid hormones and hence increased hypothyroidism (Felker 
et al., 2016). Supplemental thiocyanate at 1,000 mg/kg of diet reduced serum T4 of 
growing pigs by 39% (Schöne et al., 1997a). Nitriles increase the hepatic metabolic 
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activity of various antioxidant and detoxification enzymes in mice and lesions of the 
kidneys in rats (Tookey et al., 1980; Matusheski and Jeffery, 2001), leading to hepatic 
hypertrophy and hyperplasia (Roland et al., 1996). However, nitriles (crambene) 
derived from progoitrin were also shown to induce glutathione S-transferase and 
quinone reductase (Nho and Jeffery, 2001), which are chemoprotective, implying that 
progoitrin-derived nitriles are health-promoting metabolites. The severity of the 
toxicity of dietary glucosinolates in canola co-products can vary depending on the 
composition of their resulting glucosinolate degradation products. Thus, it is of great 
importance to determine various factors that affect the composition of glucosinolates 
degradation products in order to develop strategies to ameliorate the adverse effects of 
glucosinolates on growth performance, organ weights, and thyroid functions of pigs, 
and hence optimize utilization of canola co-products in diets for pigs. 
  
2.4.4 Factors Affecting Composition of Degradation Products of Glucosinolates 
As previously mentioned, glucosinolates are not toxic, but their degradation 
products are toxic depending on their composition. The composition of glucosinolate 
degradation products is dependent on several factors including the composition of the 
parent glucosinolates; pH of the reaction medium; and the presence or absence of 
epithiospecifier protein (ESP; a non-catalytic cofactor of myrosinase) and iron in the 
reaction medium; and heat treatment during the process of oil extraction. These 
factors are discussed below.  
The 2 major glucosinolate degradation products that are derived from 
progoitrin include goitrin (5-vinyl-1,3-oxazolidine-2-thione; cyclized isothiocyanate) 
and nitriles including crambene (1-cyano-2-hydroxy-3-butene) and epithionitrile (1-
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cyano-2-hydroxy-3,4-epithiobutane (Bernardi et al., 2003; Matusheski et al., 2006). 
There are various forms of nitriles including crambene and epithionitriles. Progoitrin 
is degraded by myrosinases to nitriles crambene at acidic pH in the presence of iron 
but in the absence of ESP. For instance, Macleod and Rossiter (1987) reported in vitro 
production of crambene from B. napus rapeseed progoitrin in an acidic (pH of 5.7) 
incubation medium that contained iron, but lacked ESP. Also, Matusheski et al. 
(2006) observed in vitro production of crambene from broccoli progoitrin at the 
expense of goitrin in an acidic (pH of 5.5) incubation medium that contained iron but 
lacked ESP. Similarly, Frandsen et al. (2019) observed in vitro production of 
crambene from yellow mustard progoitrin in an acidic (pH of 3.0 or 5.0) incubation 
medium that contained iron but lacked ESP. Also, Leoni et al. (1993) reported in vitro 
production of crambene from Crambe abyssinica seeds progoitrin in an acidic (pH of 
5.0) incubation medium that contained iron but lacked ESP. In the presence of both 
iron and ESP, progoitrin is degraded by myrosinases to both crambene and 
epithionitriles at acidic pH conditions. For instance, Galletti et al. (2001) observed in 
vitro production of crambene and epithionitriles from Crambe abyssinica seeds 
progoitrin in an acidic (pH of 5.0) incubation medium that contained both iron and 
ESP. Similarly, Matusheski et al. (2006) reported in vitro production of crambene and 
epithionitriles from broccoli progoitrin at the expense of goitrin in acidic pH (pH of 
5.5) incubation medium that contained both iron and ESP.  
At neutral pH in the presence of iron but in the absence of ESP, progoitrin is 
degraded by myrosinases to goitrin. For instance, Leoni et al. (1994) observed in vitro 
production of goitrin from Crambe abyssinica seeds progoitrin in an incubation 
medium (that contained iron but lacked ESP) with neutral pH (pH of 6.5). Also, 
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Daubos et al. (1998) observed vitro production of goitrin from Crambe abyssinic meal 
progoitrin in an incubation medium (that contained iron but lacked ESP) with neutral 
pH (pH of 6.5). Progoitrin is degraded by myrosinases to goitrin at neutral pH in the 
absence of both iron and ESP. For instance, Galletti et al. (2001) reported in vitro 
production of goitrin from Crambe abyssinica seeds progoitrin in an incubation 
medium (that lacked both iron and ESP) with neutral pH (pH of 6.5). Also, Xie et al. 
(2011) observed in vitro production of goitrin from Radix isatidis progoitrin in an 
incubation medium (that lacked both iron and ESP) with neutral pH (pH of 6.5).  
The indole-3-acetonitrile, indole-3-carbinol, and thiocyanate are the 3 major 
degradation products that are derived from glucobrassicin. Glucobrassicin is degraded 
by myrosinases to indole-3-acetonitrile at acidic pH in the presence of iron but the 
absence of ESP. For instance, Agerbirk et al. (1998) reported increased in vitro 
production of indole-3-acetonitrile from broccoli glucobrassicin due to a decrease in 
the pH of incubation medium (that contained iron but lacked ESP) from pH 7.0 to 4.0. 
Bradfield and Bjeldanes (1987) reported increased in vitro production of indole-3-
acetonitrile from Brassica oleracea-derived glucobrassicin due to a decrease in the 
pH of incubation medium (that lacked both iron and ESP) from pH 5.0 to 3.0. 
Also, Latxague et al. (1991) observed increased in vitro production of indole-3-
acetonitrile from synthetic glucobrassicin at the expense of indole-3-carbinol or 
thiocyanate in an incubation medium (that lacked both iron and ESP) with acidic pH 
(pH of 3.0). Similarly, Chevolleau et al. (1997) reported increased in vitro production 
of indole-3-acetonitrile from synthetic glucobrassicin at the expense of thiocyanate in 
an incubation medium (that lacked both iron and ESP) with acidic pH (pH of 3.0). 
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In the presence of iron but the absence of ESP, glucobrassicin is degraded by 
myrosinases to thiocyanate at neutral pH. For instance, Agerbirk et al. (1998) reported 
increased in vitro production of thiocyanate from broccoli glucobrassicin due to an 
increase in the pH of incubation medium (that contained iron but lacked ESP) from 
pH 4.0 to 7.0. Glucobrassicin is degraded by myrosinases to indole-3-carbinol at 
acidic pH in the absence of both iron and ESP. For instance, Bradfield and Bjeldanes 
(1987) observed increased in vitro production of indole-3-carbinol from Brassica 
oleracea glucobrassicin due to an increase in the pH of incubation medium (that 
lacked both iron and ESP) from pH 5.0 to 7.0. Also, Chevolleau et al. (1997) reported 
increased in vitro production of indole-3-carbinol from synthetic glucobrassicin in an 
incubation medium (that lacked both iron and ESP) with neutral pH (pH of 7.0).  
Heat treatment results in increased thermal degradation of glucosinolates to 
nitriles. For instance, Slominski and Campbell (1989a) reported increased in vitro 
production of indole-3-acetonitrile from cabbage glucobrassicin due to heat treatment 
at 100°C for 50 min. Also, Slominski and Campbell (1989b) observed increased in 
vitro production of indole-3-acetonitrile from rapeseed meal glucobrassicin due to 
heat treatment at 100°C for 5 min. Similarly, Hanschen et al. (2012) reported 
increased in vitro production of nitriles from aliphatic glucosinolates in broccoli due 
to heat treatment at 100°C that was continued for 60 min, implying that heat treatment 
results in increased production of nitriles from glucosinolates during the process of oil 
extraction. Thus, SECM is expected to have a greater content of thermally induced 
glucosinolate degradation products (nitriles) than CPCC because it is subjected to 
more heat than the latter.  
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 Most of the ESP and myrosinases present in canola co-products (especially 
SECM and EPCM) are denatured by heat during the production of the co-products 
from canola seeds (McCurdy, 1992) because, like most other bioactive proteins, they 
are heat-labile (Ludikhuyze et al., 1999; Matusheski et al., 2004; Matusheski et al., 
2006; Eylen et al., 2007). For instance, Ludikhuyze et al. (1999) observed a reduction 
in myrosinase activity in broccoli by greater than 95% due to its heat treatment at 
60°C for 20 min. Also, Eylen et al. (2007) reported myrosinase inactivation due to its 
heat treatment at 60°C for 10 min. Similarly, Matusheski et al. (2004) observed 
complete ESP inactivation due to heat treatment at ≥50°C for 10 min. The minimum 
temperature to which SECM and EPCM are exposed to during their production is 
103°C (Mustafa et al., 2000), whereas the minimum temperature to which CPCC is 
exposed during its production is 50°C (Leming and Lember, 2005). Iron is present in 
the gastrointestinal tract of pigs because iron supplements are added in practical swine 
diets to meet iron requirements. Thus, microorganisms that reside in the 
gastrointestinal tract of pigs are the major source of myrosinases that degrades 
glucosinolates to various metabolites; the microorganisms are concentrated in the 
hindgut of the pigs. Also, iron and ESP are not the major factors that affect the 
composition of glucosinolate degradation products of the canola co-products. Thus, it 
is apparent that the parent glucosinolate composition and hindgut pH are the major 
factors that affect the composition of glucosinolate degradation products. Since the 
composition of parent glucosinolates in canola co-products vary depending on canola 
species and oil extraction method, the toxicity of glucosinolates of a given canola co-
product can be potentially alleviated by modification of the hindgut pH of pigs.  
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2.5 Glucosinolate Metabolism in Swine  
Several studies have been conducted to determine the absorption of intact 
glucosinolates in the gastrointestinal tract of monogastric animals upon ingestion. 
Cwik et al. (2010) reported the appearance of intact glucoraphanin glucosinolate 
(average concentrations of glucoraphanin at 1,630 ng/mL) in plasma samples 
collected from rats after 60 min following oral administration of purified 
glucoraphanin at 500 mg/kg of BW. Song et al. (2005) observed the appearance of 
intact sinigrin glucosinolate in blood plasma samples collected from human subjects 3 
h after consumption of 200g of raw broccoli. Sorensen et al. (2016) reported the 
appearance of intact sinalbin glucosinolate in plasma samples collected from the 
portal vein, hepatic vein, and hepatic artery of finishing pigs fed diets supplemented 
with purified sinalbin at 10 mmol. Thus, it appears that intact glucosinolates are 
absorbed in the gut lumen and are transported to the blood, leading to the appearance 
of intact glucosinolates in the portal vein during the passage through the 
gastrointestinal tract of animals. However, the site(s) of absorption of intact 
glucosinolates in gastrointestinal tract has been clearly established. 
Intact glucosinolates are hydrophilic, and hence they are absorbed into the 
enterocyte by facilitated transport, whereas glucosinolate degradation products, which 
are relatively lipophilic, are absorbed into the enterocyte by passive diffusion 
(Angelino and Jeffery, 2014). For instance, Michaelsen et al. (1994) reported that 
intact glucosinolates were transported across everted sacs (made from the small and 
large intestine of rats) from the mucosal to the serosal side by passive or facilitated 
transport, but not active transport), whereas glucose was absorbed by active transport. 
Following absorption into enterocytes, the intact glucosinolates and their 
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glucosinolate degradation products are metabolized in the enterocyte and are released 
into the systemic circulation (Conaway et al., 2002; Rungapamestry et al., 2007). For 
instance, Bollard et al. (1997) observed increased concentration of [14C] allyl 
isothiocyanate in the whole blood of rats and mice 24 hr after oral administration of 
[14C] allyl isothiocyanate. Bricker et al. (2014) reported increased metabolism of 
sulforaphane-derived degradation products in liver and kidneys of mice fed purified 
sulforaphane (isothiocyanates). Thus, ingested intact glucosinolates and glucosinolate 
degradation products are absorbed and metabolized in the enterocytes, and then 
transported to the liver and kidneys for further metabolism.  
 Toxic degradation products of glucosinolates are xenobiotics (Nebbia, 2001), 
and hence they are metabolized through xenobiotic biotransformation. Xenobiotic 
biotransformation involves various reactions that convert lipophilic and electrophilic 
compounds (xenobiotics) into more polar metabolites (hydrophilic), which can be 
readily excreted in body fluids such as urine and bile. Xenobiotics are biotransformed 
by Phase I and Phase II reactions that involve various xenobiotic-metabolizing 
enzymes that are primarily present in liver cells but also are found in the kidney and 
intestine (Croom, 2012). Xenobiotic-metabolizing enzymes can be classified into 3 
major enzymes; phase I, Phase II, and transporter enzymes. During Phase I reaction, 
xenobiotics are subjected to irreversible biotransformations that involve oxidative, 
reductive and hydrolytic reactions by phase I enzymes to biotransform lipophilic 
substrates into more polar and active metabolites by adding polar functional groups 
(e.g., –OH, -NH2, and -SH) to their substrates (Bachmann, 2009). Phase II reaction 
involves conjugative reactions including glucuronidation, sulfonation, acetylation, 
methylation and glutathione conjugation by phase II enzymes, resulting in increased 
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production of more hydrophilic metabolites (mercapturic acids), which are readily 
excreted via urine (Jancova et al., 2010). Phase II enzymes (glutathione S-
transferases) catalyze the conjugation of reduced glutathione with nonpolar and 
electrophilic compounds (Sherrat and Hayes, 2002). Thus, glutathione conjugation 
reactions, which are catalyzed by glutathione S–transferase are required to mitigate 
hepatic toxicity caused by glucosinolate hydrolytic products. 
Several studies have been conducted to determine the effects of metabolism of 
intact glucosinolates and glucosinolate degradation products on activities of phase I 
and II enzymes. For instance, Razis et al. (2010) reported an increase in activities of 
hepatic phase II enzymes such as quinone reductase and glutathione S-transferase due 
to incubation of rat liver with glucosinolates. Similarly, Razis et al. (2011) reported 
increased hepatic quinone reductase and glutathione S-transferase activities of rat 
liver with glucosinolates. Also, Perocco et al. (2006) observed a 74 and 49% increase 
in hepatic cytochrome P450 and glutathione S-transferase activities, respectively, in 
rats due to oral administration of glucosinolate (glucoraphanin) at 240 mg/kg. Roland 
et al. (1996) similarly observed an increase in hepatic cytochrome P450 and 
glutathione S-transferase activities of gnotobiotic rats inoculated with a human whole 
fecal flora due to dietary inclusion of rapeseed meal. Sorensen et al. (2016) reported 
an increase in the activity of hepatic phase II enzymes in finishing pigs due to dietary 
inclusion of rapeseed meal-derived glucosinolate (sinalbin) at 10 mmol. Also, 
Munday (2002) reported increased activities of phase II enzymes 
including glutathione S-transferase and quinone reductase in the liver,  kidneys, 
spleen, lungs, urinary bladder, forestomach, glandular stomach, small intestine 
(duodenum, jejunum, and ileum), cecum, colon and rectum of rats due to 
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administration of allyl isothiocyanate at 200 µmol/kg/day for 21 d. From these 
studies, it appears that intact glucosinolates and glucosinolate degradation products 
are primarily metabolized in the liver, leading to increased activities of hepatic phase 
I and II detoxification enzymes in animals.  
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2.6 Strategies for Reducing Toxicity of Glucosinolates 
2.6.1 Reducing Glucosinolate Content Through Heat Treatment  
The effects of heat treatment on glucosinolates found in canola co-products 
have been reported. Newkirk et al. (2003) reported reduced total glucosinolate content 
of SECM by 53% due to toasting and desolventization of the SECM at 100°C. 
Almeida et al. (2014) also reported reduced total glucosinolate content of canola meal 
from 1.6 to 0 µmol/g due to autoclaving of the canola meal at 130°C. Jensen et al. 
(1995) reported a reduction in total glucosinolate content of rapeseed meal from 16.2 
to 4.9 µmol/g due to toasting of the meal at 100°C after 60 min. In their study, the 
reduction in the aromatic glucosinolate content (4-hydroxyglucobrassicin) was greater 
than that in the aliphatic glucosinolates (progoitrin and gluconapin) after toasting at 
100°C for 60 min (93 vs. 49%, respectively). Newkirk and Classen (2002) also 
reported that toasting canola meal at 100°C resulted in a reduction in the aromatic 
glucosinolate content by 8.5 µmol/g, and in the aliphatic glucosinolate content of 
canola meal by 3.7 µmol/g. This greater reduction in aromatic glucosinolate content 
than in aliphatic glucosinolate content is attributed to the fact that the former are more 
susceptible to heat than the latter. From these studies, it is apparent that the content 
glucosinolates (especially aromatic glucosinolates) in canola co-products is 
substantially reduced when the canola co-products are treated with heat at ≥100°C. 
However, heat treatment of feedstuffs can lead to heat damage of AA through 
Maillard reactions (Pahm et al., 2008; Kim et al., 2012). Thus, heat treatment may not 
be a good strategy for reducing the toxicity of glucosinolates in canola co-products. 
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2.6.2 Reducing pH in Hindgut of Pigs  
  
As previously discussed, low pH of the gastrointestinal tract favors the 
degradation of aliphatic and aromatic glucosinolates to less toxic products (nitriles 
instead of goitrin and thiocyanate; Agerbirk et al., 1998; Bernardi et al., 2003). This is 
because goitrin and thiocyanate interfere with iodine uptake by the thyroid gland. For 
instance, Kelley and Bjeldanes (1995) reported reduced serum T4 level of rats due to 
dietary goitrin supplementation at 200 mg/kg of diet. Also, Schöne et al. (1997a) 
reported reduced serum T4 of growing pigs due to supplemental thiocyanate at 1,000 
mg/kg of diet. These goitrogenic degradation products of glucosinolates are toxic and 
hence they have to be detoxified by the liver and kidney, leading to reduced thyroid 
hormone synthesis, and increased metabolic activities in thyroid glands, liver and 
kidneys (Felker et al., 2016). High consumption of nitriles results in increased 
metabolic activity in the liver and kidney (Matusheski and Jeffery, 2001). An increase 
in metabolic activity in visceral organs results in their increased utilization of dietary 
nutrients at the expense of skeletal tissue deposition (Nyachoti et al., 2000). Nitriles 
are beneficial when they are consumed in small quantities because they increase the 
activity of hepatic antioxidant enzymes, which reduce oxidative stress (Tanii et al., 
2008).   
Fermentable dietary fiber is poorly digested in the small intestine but highly 
fermented in the large intestine of pigs, leading to increased production of VFA and 
hence reduced hindgut pH of pigs (Bird et al., 2007). Thus, fermentable dietary fiber 
can potentially be included in swine diets to reduce the toxicity of glucosinolate 
degradation products. Highly fermentable dietary fiber includes inulin and resistant 
starch. For instance, Ten Bruggencate et al. (2004) reported a 17% decrease in cecal 
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pH of rats due to dietary inclusion of inulin at 60 g/kg, whereas Bird et al. (2007) 
reported a 17, 20, 22, and 21% decrease in pH of cecum; proximal, mid, and distal 
colon of growing pigs, respectively, due to dietary inclusion of HA-starch (resistant 
starch) at 515 g/kg. Also, Fouhse et al. (2015) observed a 22 and 20% reduction in 
cecal and colonic pH of nursery pigs, respectively, due to dietary inclusion of HA-
starch at 67%. However, there is a lack of information on the effect of reducing cecal 
and colonic pH through dietary inclusion of dietary fermentable fiber on growth 
performance, organ weights, liver, and thyroid gland functions of pigs fed canola co-
products-based diet. Feedstuffs that contain resistant starch are cheaper and more 
available in large quantities than other sources of highly fermentable dietary fiber 
such as inulin, and thus they can be a good source of highly fermentable dietary fiber 
canola co-products-based diets for pigs. 
 
2.7 Summary and Perspectives 
Canola co-products have a high content of fiber and glucosinolates, which 
limit their inclusion in swine diets. Fiber is poorly digested by pigs and it can reduce 
nutrient utilization. Glucosinolates interfere with thyroid hormone synthesis and 
increase metabolic activities in the liver and kidneys, leading to increased utilization 
of dietary nutrients in these organs at the expense of skeletal tissue deposition. Thus, 
it is critical to alleviate the negative effects of fiber and glucosinolates in canola co-
products in order to optimize their utilization in diets for pigs. The negative effects of 
fiber can be alleviated through supplementation with enzymes that target the major 
NSP that are present in canola co-products. However, all studies that have been 
conducted on the effects of supplemental enzymes (that target the major NSP in 
 
 
41 
canola) on nutrient utilization of canola co-products-based diets have been limited to 
broilers fed SECM- or full-fat canola seed-based diets. There is a lack of information 
on the effect of supplemental enzymes that target the major NSP in canola on nutrient 
utilization in pigs fed canola co-products-based diets. Also, there is a lack of 
information on the interaction between the supplemental enzymes and the type of 
canola co-product on nutrient utilization in pigs. A dietary level of glucosinolates that 
is tolerable by pigs has been reported. However, this tolerable level of glucosinolates 
was established based on the results from previous studies in which SECM or EPCM 
was fed. The composition of glucosinolates in CPCC is different from that of SECM 
or EPCM. However, there is a lack of information on the tolerable level of CPCC 
glucosinolates for pigs. Low pH in the hindgut of pigs favors the production of less 
toxic metabolites from glucosinolates, implying that the tolerable level of 
glucosinolates by pigs and hence a dietary level of canola co-products can be 
increased by reducing the hindgut pH. The hindgut pH can be reduced by dietary 
inclusion of highly fermentable dietary fiber. However, there is a lack of information 
on the effects of including highly fermentable dietary fiber in canola co-products-
based diets for pigs on glucosinolates-induced toxicity. Thus, there is a need for 
determining the effects of: (1) supplemental enzymes that target NSP in canola on the 
utilization of canola co-products by pigs, (2) increasing the level of CPCC in diets for 
pigs on glucosinolate-induced toxicity, and (3) reducing pH in the hindgut of pigs on 
glucosinolate-induced toxicity. Results from these areas of research will contribute 
towards developing nutritional strategies that can be used to optimize the utilization 
of canola co-products in swine diets.  
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CHAPTER THREE 
HYPOTHESES AND OBJECTIVES 
 
In this dissertation research, it was hypothesized that:  
1) supplemental fiber-degrading enzymes are more effective in a CPCC-based diet 
than in SECM- or EPCM-based diets with regard to improving nutrient utilization. 
2) the tolerable level of glucosinolates in CPCC-based diets is different from what 
has been reported for SECM- and EPCM-based diets. 
3) the toxicity of canola co-product glucosinolates in pigs can be alleviated by 
reducing hindgut pH through dietary inclusion of resistant starch.  
The overall objective of this dissertation research was to develop nutritional 
strategies that contribute towards the optimization of utilization of canola co-products 
in diets for nursery pigs. 
The specific objectives of this thesis research were: 
1) To determine the effects of supplementing canola co-products with 
fiber-degrading enzymes on porcine in vitro degradation and fermentation 
characteristics of canola co-products. 
2) To determine the effects of increasing levels of CPCC in diets for 
nursery pigs on growth performance, liver and thyroid glands weights 
relative to live BW, blood thyroid hormone levels of pigs with the goals of 
identifying dietary amounts of CPCC-derived glucosinolates that can 
significantly interfere with liver and thyroid gland functions for 
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subsequent studies on the alleviation of negative effects of dietary 
glucosinolates in diets for pigs. 
3) To determine the effects of reducing cecal and colonic pH through 
dietary inclusion of HA-starch on growth performance, liver and thyroid 
gland weights, blood thyroid hormone levels, and composition of 
glucosinolate degradation products in the hindgut of nursery pigs fed 
CPCC-based diet. 
4) To determine the effects of reducing fermentation medium pH via acetic 
acid inclusion on the composition of glucosinolate degradation products 
and porcine in vitro fermentation characteristics for canola co-products. 
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CHAPTER FOUR 
Porcine in vitro degradation and fermentation characteristics of canola co-products 
without or with fiber-degrading enzymes1 
 
4.1 ABSTRACT: An in vitro study was conducted to determine the effects of 
supplementing solvent-extracted canola meal (SECM) and cold-pressed canola cake 
(CPCC) with fiber-degrading enzymes (multi-enzyme) on porcine in vitro digestion 
and fermentation characteristics. Canola co-products without or with multi-enzyme 
(Superzyme-CS, Canadian Bio-Systems Inc., Calgary, AB, Canada) that supplied 
24,000 U of xylanase, 3,000 U of glucanase, 10,000 U of cellulase, 1,200 U of 
mannanase, 14,000 U of invertase, 10,000 U of protease, 24,000 U of amylase and 
8,500 U of pectinase/l of incubation medium were digested using porcine pepsin and 
continuously incubated with pancreatin. Undigested residue was subjected to in vitro 
fermentation for 72 h. Accumulated gas production during microbial fermentation 
was recorded and modeled to estimate kinetics of gas production. Total volatile fatty 
acids (VFA) concentration per unit weight of DM of enzymatically unhydrolyzed 
residue incubated, and per unit weight of DM feedstuff that was enzymatically 
hydrolyzed and then fermented was also measured. On a DM basis, CPCC and SECM 
contained 318 and 451 g/kg CP, respectively. The in vitro digestibility of DM 
(IVDDM) for CPCC was greater (P < 0.05) than that for SECM (0.635 vs. 0.584, 
respectively). Multi-enzyme supplementation tended to improve (P = 0.060) the 
                                               
1The materials presented in chapter four of this dissertation have been published in Animal Feed Science and 
Technology: J. W. Lee, R. Patterson, and T. A. Woyengo. 2018. Porcine in vitro degradation and fermentation 
characteristics of canola co-products without or with fiber-degrading enzymes. Anim. Feed Sci. Technol. 241:133–
140.  
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IVDDM regardless of canola co-product type. Total gas production for CPCC was 
less (P<0.05) than that for SECM (89.3 vs. 106.0 ml/g, respectively). Multi-enzyme 
reduced (P < 0.05) total gas production for CPCC and SECM. Total VFA production 
for CPCC was lower (P < 0.05) than that for SECM (2.89 vs. 4.43 mmol/g DM of 
enzymatically unhydrolyzed residue, respectively). Total VFA production for CPCC 
was also lower (P < 0.05) than that for SECM (1.07 vs. 1.82 mmol/g DM of 
feedstuff, respectively). Multi-enzyme did not affect total VFA concentration per unit 
weight of enzymatically unhydrolyzed for canola co-products but tended to reduce (P 
= 0.058) total VFA production per unit weight of feedstuff. In conclusion, CPCC was 
more digestible but less fermentable than SECM. Multi-enzyme supplementation 
improved the IVDDM and reduced total gas and VFA production for CPCC and 
SECM. Thus, multi-enzyme shifted the digestibility of CPCC and SECM from 
microbial fermentation towards enzymatic digestion, implying that the multi-enzyme 
improved efficiency of utilization of nutrients in the two canola co-products.   
 
Key words: canola co-products, carbohydrases, in vitro digestion, in vitro 
fermentation, pigs 
 
4.2 INTRODUCTION 
Canola co-products are the second most commonly used sources of amino 
acids (after soybean meal; SBM) in swine diets (Woyengo et al., 2014a; Canola 
Council of Canada, 2015). Canola co-products that are available for swine feeding 
include solvent-extracted canola meal (SECM), expeller-pressed canola meal, and 
cold-pressed canola cake (CPCC). During oil extraction by a solvent method, canola 
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seeds are cooked to rupture oil-containing cells, pressed to release some oil, and then 
solvent-extracted to release most of the remaining oil. During oil extraction by the 
expeller method, canola seeds are cooked and pressed as described for solvent 
extraction method, but they are not solvent-extracted. However, during oil extraction 
by the cold-pressing method, the seeds are not cooked prior to pressing and relatively 
less pressure is applied during pressing to ensure that the meal temperature is 
maintained at approximately 50°C. Solvent extraction is the most widely used method 
of obtaining oil from canola seeds, and hence SECM is the most widely fed canola 
co-product. However, the availability of CPCC for livestock feeding is increasing 
because the cold-pressing method of extracting oil does not involve the use of thermal 
or chemical treatment, and the demand for natural food products such as cold-pressed 
oil is increasing (Siger et al., 2008). Furthermore, relatively inexpensive small-scale 
cold-pressing equipment is available, and it is environmentally safer to obtain oil from 
oilseeds by pressing than by the conventional solvent extraction.  
Generally, canola co-products contain more fiber than SBM (NRC, 2012), 
which reduces nutrient utilization in swine (Schulze et al., 1994). However, fiber-
degrading enzymes may be included in diets to alleviate the adverse effects of fiber 
(Adeola and Cowieson, 2011). Because canola seeds are cooked and exposed to high 
pressure during oil extraction, CPCC (compared with SECM) is expected to contain 
more oil and other digestible nutrients embedded within the fiber matrix. Thus, fiber-
degrading enzymes are expected to have a greater effect on CPCC than on SECM 
with regard to enhancing nutrient availability. However, effects of supplemental fiber-
degrading enzymes on the digestibility and fermentation characteristics of CPCC have 
not been reported. Therefore, the objective of this study was to determine the effects 
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of supplementing CPCC with a blend of fiber-degrading enzymes (multi-enzyme) on 
porcine in vitro digestion and fermentation characteristics.       
 
4.3 MATERIALS AND METHODS 
4.3.1 Experimental Design and Treatments 
The CPCC used in this study was obtained from Wolf Creek colony (Olivet, 
SD, USA). The SECM was sourced from a local feed mill and was included in the 
study for comparison. The CPCC and SECM were ground to pass through a 0.75-mm 
screen using a centrifugal mill (model ZM200; Retsch GmbH, Haan, Germany). The 
ground SECM and CPCC were supplemented with multi-enzyme at 2 levels (0 and 10 
ml/l of incubation medium) in a 2 × 2 factorial arrangement to give 4 treatment 
combinations. The multi-enzyme used in the current study was Superzyme-CS 
(Canadian Bio-Systems Inc., Calgary, AB, Canada), and it supplied 24,000 U of 
xylanase, 3,000 U of glucanase, 10,000 U of cellulase, 1,200 U of mannanase, 14,000 
U of invertase, 10,000 U of protease, 24,000 U of amylase and 8,500 U of pectinase/l 
of the incubation medium. The multi-enzyme product was in liquid form. The 
unsupplemented and supplemented SECM and CPCC were subjected to in vitro 
digestion and microbial fermentation as described below.  
 
4.3.2 Porcine In Vitro Digestion 
The samples were subjected to in vitro enzymatic hydrolysis as described by 
Jha et al. (2011) with some modifications. Briefly, 4 grams of the ground samples 
were weighed into conical flasks (500 ml) and mixed thoroughly with 200 ml of 0.1 
M phosphate buffer solution (pH 6.0) and 80 ml of 0.2 M HCl solution. Two 
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milliliters of a chloramphenicol solution (0.5 g/100 ml ethanol) was added to each 
flask to inhibit bacterial growth during enzymatic hydrolysis. Eight milliliters of a 
freshly prepared pepsin solution (20 g/l porcine pepsin; P-7012, Sigma-Aldrich Corp., 
St. Louis, MO, USA) was added to each flask, and the mixture was incubated in a 
shaking water bath (50 revolutions per minute) at 39°C for 2 h. The multi-enzyme 
solution as added to the incubation medium prior to initiation of pepsin digestion. 
After pepsin hydrolysis, 80 ml of 0.2 M phosphate buffer solution (pH 6.8) and 40 ml 
of 0.6 M NaOH were added to each flask and mixed. Eight milliliters of freshly 
prepared pancreatin solution (100 g/l pancreatin; P-1750, Sigma-Aldrich Corp., St. 
Louis, MO, USA) was added to each flask, and in vitro digestion was continued for 4 
h under the same conditions. At the end of the enzymatic hydrolysis, the undigested 
residue was collected by filtration using nylon clothes (50 µm) and thoroughly 
washed with ethanol (2 × 25 ml 95% ethanol), and acetone (2 × 25 ml 99.5% 
acetone). The washed residue was dried at 60°C for 12 h. The dried residue was 
accurately weighed to determine in vitro digestibility of DM (IVDDM) and non-
starch polysaccharides (NSP). The experimental scheme was as follows: [(4 
treatments × 2 replicates) × 5 batches]. The experimental design was a randomized 
complete block design with batch as a blocking factor. The undigested residue from 
the five batches was pooled for each treatment for further in vitro fermentation. 
 
4.3.3 Porcine In Vitro Microbial Fermentation 
The rate and extent of microbial fermentation of the undigested residue were 
determined using a cumulative gas-production technique, which has been adapted for 
swine (Bindelle et al., 2007; Jha et al., 2011). Briefly, 200 mg samples of the 
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undigested residue were incubated for 72 h at 39°C in glass bottles (125 ml) with 30 
ml of a buffer solution containing macro- and micro-minerals (Menke and Steingass, 
1988) and a freshly prepared pig fecal inoculum in a water bath shaking at 50 
revolutions per minute.  
Feces for the preparation of inoculum were directly collected from the rectum 
of three gilts housed at the Swine Education and Research Facility of South Dakota 
State University (Brookings, SD, USA) and fed drug-free commercial corn-soybean 
meal-based diets. The collected feces were immediately placed in plastic syringes to 
avoid exposure to aerobic conditions. The feces were diluted 20 times in the buffer 
solution, filtered through a 250 µm-screen sieve, and transferred into bottles with 
undigested residue. The bottles were completely sealed with rubber stoppers and 
immediately placed in the water bath for incubation (39°C). During the preparation of 
inoculum and its transfer into bottles, anaerobic conditions were maintained by 
flushing with CO2 gas. The experimental animal procedures were reviewed and 
approved by the Institutional Animal Care and Use Committee at South Dakota State 
University (# 16-069E).  
During the incubation, gas production was recorded at 0, 2, 5, 8, 12, 18, 24, 
36, 48 and 72 h, using a pressure transducer (GP:50, Grand Island, NY, USA; 
Mauricio et al., 1999) fitted with a digital data tracker (Blue Ribbon Corp., Grand 
Island, NY, USA). Needles were used to vent the glass bottles after each 
measurement of gas production. At the conclusion of the incubation, the glass bottles 
were immediately immersed in ice to terminate microbial fermentation. Bottle 
contents were transferred into 50 ml centrifuge tubes and stored at -20°C for further 
analyses. The experimental scheme was: {[(4 treatments × 6 replicates) + 6 blanks] × 
 
 
50 
2 batches}. The experimental design was a randomized complete block design with 
batch as a blocking factor.  
 
4.3.4 Sample Preparation and Feedstuff Analyses 
The SECM and CPCC were analyzed for DM, CP, ether extract (EE), ash, 
ADF, and NDF. The samples were analyzed for DM by oven drying at 135°C for 2 h 
(method 930.15), CP by a combustion procedure (method 990.03), EE (method 
2003.06) on a Soxtec 2050 (FOSS North America, Eden Prairie, MN, USA), dry ash 
(method 942.05), ADF inclusive of residual ash (method 973.18) by the AOAC 
(2007); and for NDF (method 2002.04) by the AOAC (2005). Samples collected from 
bottles at the termination of fermentation and samples of inoculum before 
fermentation were thawed and centrifuged at 3,000 × g for 30 min at 4°C. The 
supernatant of the centrifuged samples was collected for volatile fatty acids (VFA) 
analysis as described by Erwin et al. (1961). Briefly, 0.8 ml of the supernatant was 
mixed with 0.2 ml of 25% phosphoric acid and 0.2 ml of internal standard solution 
(150 mg of 4-methyl-valeric acid, S381810; Sigma-Aldrich Corp., St. Louis, MO, 
USA) and vortexed for 1 minute. The concentration of VFA (acetic, propionic, 
butyric, isobutyric, valeric, isovaleric and caproic acids) in the supernatant of the 
fermented sample was determined by gas chromatography (Trace 1310, Thermo 
Fischer Scientific, Waltham, MA, USA) with a Stabilwax-DA column (30-m x 0.25-
mm i.d.; Restek, Bellefonte, PA, USA). A flame-ionization detector was used with an 
injector temperature of 170°C. The NSP were determined by gas-liquid 
chromatography (component neutral sugars) using SP-2340 column and Varian CP-
3380 Gas Chromatograph (Agilent Technologies, Mississauga, ON, Canada) and by 
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colorimetry (uronic acids) using a Biochrom Ultrospec 50 (Biochrom Ltd., 
Cambridge, UK) as described by Englyst and Cummings (1988) with modifications 
(Slominski and Campbell, 1990) to determine in vitro digestibility of NSP.  
 
4.3.5 Calculations and Statistical Analysis 
The IVDDM and in vitro digestibility of NSP after pepsin and pancreatin 
hydrolysis was calculated as follows:  
Digestibility = (weight of DM or NSP intact sample - weight of DM or NSP 
hydrolyzed residue)/(weight of DM or NSP intact sample) 
The ideal gas law was used to convert gas pressure measurements during 72 h 
of microbial fermentation into gas volume (G, g-1 DM), using an atmospheric pressure 
of 101,325 Pa and a temperature of 312.15 K. Accumulative gas curves during 
microbial fermentation were modeled using an equation described in France et al. 
(1993):  
!	(ml	g'(	DM	) = 	0,				if	0	 < 	2 < 	3                                                  
!	(ml	g'(	DM	) = !4	(1 − exp{−〈b(2 − 3) + >(√2 − √3)〉}),							if	2 ≥ 3                      
where ! denotes the gas accumulation to time, !4(ml	g'(	DM) denotes the 
maximum gas volume for 2 = 	∞ and L (h) denotes the lag time before the 
fermentation starts. The constants b (h-1) and c (h-1/2) determine the fractional rate of 
degradation of the substrate D (h-1), which is postulated to vary with time as follows:  
D = E +	 F
G√H
,									if	2 ≥ 3  
Kinetics parameters (!4, 3, DHIJ/Gand	O/2) were compared in the statistical 
analysis. The O/2 is the time to half-asymptote when ! = !4/2.  
 
 
52 
The IVDDM, in vitro digestibility of NSP, fermentation kinetics parameters and VFA 
data were subjected to ANOVA using the MIXED procedure of SAS (ver. 9.3, SAS 
Institute Inc., Cary, NC, USA) in a randomized complete block design with batch as 
the block and flask (for in vitro digestion) or glass bottle (for in vitro fermentation) as 
the experimental unit. The model included canola co-products and multi-enzyme as 
the fixed factors and batch as a random factor:    
	Q = R	 +	ST 	+ 	UV 	+ 	WX	 +	ST 	× 	UV 	+	ZTV                        
where Q is the parameter to be determined, R is the calculated mean, ST is the 
effect of the canola co-products (i = 1, 2), UV is the effect of multi-carbohydrase (j = 1, 
2), WX is the effect of batch (k = 1, 2), ST 	× 	UV is the interaction effect between canola 
co-products and multi-enzyme and ZTV is the error term. Least squares means were 
determined for each independent variable. Treatment means were separated by the 
probability of difference when interactions between canola co-product and multi-
enzyme were significant. Significance and tendencies were set at P ≤ 0.05 and P ≤ 
0.10, respectively, for all statistical tests. 
 
4.4 RESULTS 
The CPCC contained less CP, ash, ADF, NDF but more EE than SECM 
(Table 4.1). The SECM had a greater content of total NSP and hence content of 
sugars (arabinose, galactose, glucose, mannose, uronic acids, and xylose) that 
constituted NSP than CPCC (Table 4.2). The concentration of arabinose and glucose 
in NSP of enzymatically unhydrolyzed residue for SECM was not reduced by multi-
enzyme supplementation. However, the concentration of galactose, mannose and 
xylose sugars in NSP of enzymatically unhydrolyzed residue for SECM was reduced 
 
 
53 
by the multi-enzyme supplementation. Multi-enzyme supplementation reduced the 
concentration of arabinose, galactose, glucose, mannose, and xylose in NSP of 
unhydrolyzed residue for CPCC. The concentration of uronic acids in NSP and total 
NSP was increased by multi-enzyme supplementation regardless of the type of canola 
co-products. 
The IVDDM for CPCC was greater (P < 0.001) than that for SECM (Table 
4.3). Multi-enzyme supplementation tended to improve (P = 0.060) the IVDDM 
regardless of canola co-product type. The in vitro digestibility of total NSP was not 
affected by the type of canola co-products or multi-enzyme supplementation (Table 
4.3). In vitro digestibility of all simple sugars (except for glucose and uronic acids) in 
NSP of CPCC was greater (P < 0.05) than that of the same sugars in NSP of SECM. 
Multi-enzyme supplementation increased (P < 0.05) the in vitro digestibility of all 
simple sugars (except uronic acids) in NSP of SECM and CPCC; the in vitro 
digestibility of uronic acids in NSP of canola co-products was reduced (P < 0.05) by 
multi-enzyme supplementation. There was an interaction (P < 0.05) between canola 
coproduct type and multi-enzyme on in vitro digestibility of galactose and xylose in 
NSP such that magnitude by which multi-enzyme supplementation increased the in 
vitro digestibility of these sugars in NSP of SECM was lower than that by which it 
increased the in vitro digestibility of the same sugars in NSP of CPCC. Also, there 
was an interaction (P < 0.05) between canola coproduct type and multi-enzyme on in 
vitro digestibility of arabinose and glucose in NSP such that multi-enzyme 
supplementation resulted in significant increase (P < 0.05) in the in vitro digestibility 
of these sugars in NSP of CPCC, but numerically increased the in vitro digestibility of 
the same sugars in NSP of SECM. There was an interaction (P < 0.05) between 
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canola coproduct type and multi-enzyme on in vitro digestibility of uronic acids in 
NSP such that magnitude by which multi-enzyme supplementation decreased the in 
vitro digestibility of uronic acids in NSP of SECM was lower than that by which it 
decreased the in vitro digestibility of the same sugar in NSP of CPCC. 
The lag time was unaffected by canola co-product type (Table 4.4). However, 
multi-enzyme supplementation tended to reduce (P = 0.072) the lag time regardless of 
the type of canola co-products. The CPCC had greater (P < 0.001) half time than 
SECM. However, multi-enzyme supplementation did not affect the half time for 
SECM or CPCC. The rate of degradation of CPCC tended to be lower (P=0.079) than 
that of SECM. Multi-enzyme supplementation reduced (P = 0.033) rate of 
degradation of the canola co-products. The total gas production for CPCC was lower 
(P < 0.001) than that for SECM (Table 4.4 and Figure 4.1). Multi-enzyme 
supplementation reduced (P < 0.001) the total gas production regardless of canola co-
product type.  
Per gram of DM of undigested residue, CPCC had lower (P < 0.05) total 
VFA, acetic acid (ACA), and branched-chain fatty acids (BCFA) production, and 
tended to have lower (P = 0.078) butyric acid (BTA) production than SECM (Table 
4.4). However, propionic acid (PPA) production was not affected by canola co-
product type. Multi-enzyme did not affect total and individual VFA production for 
SECM and CPCC. Per gram of DM of feedstuff, CPCC had lower (P < 0.05) total 
and individual VFA production than SECM. Multi-enzyme tended to reduce (P = 
0.058) total VFA production and reduced (P = 0.039) PPA production for the canola 
co-products.  
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4.5 DISCUSSION 
The CP, EE, ash, ADF, and NDF values for SECM were similar to values 
reported by Seneviratne et al. (2011a) for SECM. The CPCC contained less CP, ADF, 
NDF, and total NSP but more EE than SECM, which could have mainly been due to 
the high EE content of CPCC, which diluted the concentration of other components in 
CPCC. The greater EE content in CPCC than in SECM was attributed to the fact that 
cold pressing is a less efficient method of oil extraction than solvent extraction, as 
previously mentioned. The greater EE content and lower CP, NDF and ADF content 
in CPCC than in SECM observed in the current study are in agreement with the 
results of Woyengo et al. (2016a), who reported greater EE content and lower CP, 
NDF and ADF content in CPCC than in SECM. 
The IVDDM for SECM and CPCC were 0.584 and 0.635, respectively. The 
greater IVDDM for CPCC than for SECM could be partly attributed to the lower fiber 
content and higher fat content in CPCC than in SECM. Dietary fiber is indigestible by 
gastric and pancreatic enzymes and was reported to reduce the digestibility of amino 
acids and energy in diets for pigs (Schulze et al., 1994; Stein and Shurson, 2009). 
Dietary fat is highly digested and absorbed in the small intestine of pigs (Jørgensen et 
al., 2000). Increasing dietary levels of canola oil in diets fed to nursery pigs resulted 
in a linear increase in apparent ileal digestibilities of amino acids, indicating that 
feeding canola oil improves amino acid digestibilities in swine (Li and Sauer, 1994). 
Also, Imbeah and Sauer (1991) reported increased ileal digestibility of amino acids in 
growing pigs due to an increase in the dietary level of canola oil. Amino acid 
digestibility in pigs fed expeller-pressed canola meal that contained 10.5% oil was 
lower than that in pigs fed CPCC that contained 20.2% oil (Grageola et al., 2013). 
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Thus, the higher IVDDM for CPCC than for SECM is partially due to increased 
amino acid digestibilities in CPCC attributed to the greater availability of highly 
digestible canola oil for enzymatic digestion in CPCC than in SECM. The lower 
IVDDM for SECM than for CPCC could also have been due to the greater content of 
indigestible Maillard reaction products in SECM than in CPCC because SECM, 
unlike CPCC, is desolventized and toasted after oil extraction (Spragg and Mailer, 
2007). Toasted SECM was browner in color and was less digestible in poultry than 
untoasted SECM (Newkirk et al., 2003), implying that the toasting process resulted in 
heat-damage of SECM, potentially resulting in lower IVDDM. The greater IVDDM 
for CPCC than for SECM observed in this study is in agreement with results of the 
study of Woyengo et al. (2016a), who reported greater IVDDM for CPCC than for 
SECM. 
Multi-enzyme supplementation improved the IVDDM for CPCC and SECM, 
which could be attributed to hydrolysis of fiber in the canola co-products, thereby 
increasing the availability of nutrients for digestion by gastric and pancreatic 
enzymes. Similarly, multi-enzyme supplementation increased fiber digestibility in 
canola meal-based (Meng and Slominski, 2005) and full-fat canola seed-based (Meng 
et al., 2006) diets for broilers. However, Meng et al. (2006) observed an increase in 
energy digestibility of full-fat canola seed-based diet for broilers due to supplemental 
multi-enzyme, whereas Kocher et al. (2000) and Meng and Slominski (2005) did not 
observe improvements in energy digestibility of canola meal-based diet for broilers 
due to supplemental multi-enzyme. Khajali and Slominski (2012) attributed the 
increased energy digestibility for full-fat-based diet, but not for canola meal-based 
diet, to the release of oil from cells of full-fat canola seed by multi-enzyme because 
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the oil-containing cells of full-fat canola seed are intact, whereas oil-containing cells 
of canola meal are ruptured during oil extraction. Thus, we had hypothesized that 
supplemental multi-enzyme will have a greater effect on the digestibility of CPCC 
than on the digestibility of SECM because the former has a greater content of oil that 
is embedded within the fiber matrix and other components of CPCC. However, multi-
enzyme and canola co-product did not interact on IVDDM, implying that the 
magnitude by which multi-enzyme improved IVDDM of CPCC did not significantly 
differ from the magnitude by which it improved the IVDDM of SECM. The reason 
for the lack of interaction between multi-enzyme and canola co-product type is not 
clear. One possible explanation could be that the lower fat content in CPCC (266 
g/kg) used in the current study compared to the full-fat canola seed used in the study 
of Meng et al. (2006), which was greater than 400 g/kg (Seneviratne et al., 2011b; 
Woyengo et al., 2014b). 
Multi-enzyme supplementation increased the in vitro digestibility of all 
component sugars (except uronic acids) of NSP, which was due to degradation of the 
NSP by the multi-enzyme. Uronic acids are derived from pectin. The multi-enzyme 
product used in the current study contained pectinase. However, it is not clear why the 
multi-enzyme supplementation resulted in reduced in vitro digestibility of uronic 
acids. Multi-enzyme supplementation did not increase the in vitro digestibility of total 
NSP in the SECM and CPCC despite the increase in in vitro digestibility of several 
component sugars of NSP in the same canola co-products by the supplementation. 
The lack of effect of multi-enzyme supplementation on in vitro digestibility of total 
NSP could have been due to the reduction in in vitro digestibility of uronic acids 
(which constituted a relatively high proportion of NSP in the canola co-products) by 
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the multi-enzyme supplementation. The magnitude by the multi-enzyme 
supplementation increased the in vitro digestibility of arabinose, galactose, glucose 
and xylose in NSP of CPCC was greater than the magnitude by which it increased the 
in vitro digestibility of the same sugars in NSP of SECM. Jha and Berrocoso (2016) 
reported that starch granules in wheat grain were separated from other components of 
wheat grain, whereas starch granules in wheat-derived distillers dried grains with 
solubles (DDGS) were tightly combined with other non-starch components to form 
complexed aggregates, and that the intensity of interaction between starch and other 
components of DDGS was greater in DDGS that had been subjected to a lot of heat 
during its drying than in DDGS that had been subjected to less heat during its drying. 
As previously mentioned, Newkirk et al. (2003) observed lower amino digestibility 
for toasted SECM than for untoasted SECM. The results from the studies by Newkirk 
et al. (2003) and Jha and Berrocoso (2016) indicate that subjection of feedstuffs to 
heat treatment procedures such as drying or toasting can result in the formation of 
indigestible complexes. Thus, the lower improvement in the in vitro digestibility of 
most sugars in NSP of SECM could have been due to the reaction of the sugars in 
NSP with other components of SECM such as amino acids during the toasting stage 
of production of SECM to form complexes that were poorly digested by the multi-
enzyme. 
The fermentability of CPCC was lower than that of SECM as evidenced by the 
lower cumulative gas production, and total and individual VFA production for CPCC 
than for SECM. The lower fermentability of CPCC than of SECM could have been 
mainly due to lower availability of fermentable substrates in enzymatically 
unhydrolyzed residue for CPCC than for SECM as a result of greater digestibility of 
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CPCC than of SECM by gastric and pancreatic enzymes. The lower fermentability for 
CPCC than for SECM is in agreement with results from the study by Woyengo et al. 
(2016a) who reported lower total gas, and VFA production for CPCC than for SECM. 
The fractional rate of degradation of SECM was greater than that of CPCC, which 
could have been due to greater content of readily fermentable organic matter (that 
would otherwise be digested by gastric and pancreatic enzymes, but escaped the 
enzymatic digestion due to the high fiber or heat damage of SECM) in enzymatically 
unhydrolyzed residue of SECM than of CPCC. Woyengo et al. (2016a) also reported 
greater fractional rate of degradation of SECM than of CPCC. 
Multi-enzyme supplementation reduced the fractional rate of degradation and 
total gas production of enzymatically unhydrolyzed residue for CPCC and SECM. 
Also, multi-enzyme supplementation reduced total VFA production per unit weight of 
feedstuff, implying that the fermentability of enzymatically unhydrolyzed residue for 
multi-enzyme-supplemented SECM and CPCC was lower than that for 
unsupplemented SECM and CPCC.  The lack of effect of multi-enzyme 
supplementation on the fermentability of SECM and CPCC could have been due to 
lower availability of fermentable substrates in enzymatically unhydrolyzed residues 
for multi-enzyme supplemented CPCC and SECM as a result of greater in vitro 
digestibility of multi-enzyme supplemented CPCC and SECM than of 
unsupplemented SECM and CPCC. The enzymatically unhydrolyzed residues for 
multi-enzyme supplemented SECM and CPCC had the greater content of NSP than 
those of unsupplemented SECM and CPCC, implying that the multi-enzyme had 
indeed improved the in vitro digestibility of NSP encapsulated nutrients. Thus, multi-
enzyme supplementation shifted the digestibility of CPCC and SECM from microbial 
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fermentation towards gastric and pancreatic enzyme digestion. Energy components in 
canola co-products and other major feedstuffs for pigs are fat, carbohydrates (which 
include fiber) and protein. Fat is digested by gastric and pancreatic enzymes and 
absorbed in the small intestine, but it is not fermented and absorbed in the hindgut of 
pigs. Glucose and other simple sugars, which are the end production of carbohydrate 
digestion in the small intestine, are more efficient sources of energy for pigs than 
VFA, which are the end products of carbohydrate fermentation in the hindgut of pigs. 
Amino acids, which are the end production of protein digestion in the small intestine, 
are utilized as building blocks during synthesis of various tissues within the body, 
whereas ammonia, which is the major end product of protein fermentation in the 
hindgut, is absorbed, converted into urea and excreted via urine. Thus, the shift in 
digestibility of CPCC and SECM from microbial fermentation towards digestion 
implies improved efficiency of utilization of nutrients in the 2 canola co-products. 
The relationship was previously observed in the study of Woyengo et al. (2015), who 
reported improved IVDDM for wheat and reduced total gas and VFA production for 
the undigested residue of wheat due to multi-enzyme supplementation, implying that 
the multi-enzyme improved the efficiency of utilization of nutrients in wheat.  
In conclusion, CPCC was more digestible than SECM, whereas undigested 
residue of SECM was more fermentable than that of CPCC, implying that CPCC was 
a more efficient source of nutrients for pigs than SECM. Multi-enzyme 
supplementation improved the IVDDM and reduced total gas and VFA production for 
CPCC and SECM, implying that the multi-enzyme can improve the efficiency of 
utilization of nutrients in SECM and CPCC for pigs.  
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Table 4.1. Analyzed nutrient composition (g/kg dry matter) of canola co-productsa 
Item 
Canola co-products 
SECM CPCC 
DM 890 918 
CP 451 318 
EE 15 266 
Ash 85 60 
ADF 201 167 
NDF 398 232 
aSECM = solvent-extracted canola meal; CPCC = cold-pressed canola cake. 
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Table 4.2. Analyzed non-starch polysaccharide (NSP) contents of canola co-productsa and of enzymatically unhydrolyzed residue  
Item 
   Undigested residue 
Feedstuff  -Enzymeb  +Enzymec 
SECM CPCC  SECM CPCC  SECM CPCC 
Component sugar content (g/kg dry matter) 
Arabinose  43.6 34.4  78.2 68.1  78.5 62.9 
Galactose 17.1 12.4  28.3 23.1  26.4 18.6 
Glucose 71.6 57.4  124.9 123.6  125.0 115.5 
Mannose 4.40 2.90  7.20 5.30  6.80 4.60 
Uronic acids 89.4 72.3  139.7 126.8  152.9 170.2 
Xylose 18.8 13.7  35.4 29.8  29.6 21.9 
Total NSPd 245.7 193.2  419.7 381.7  424.0 397.4 
aSECM = solvent-extracted canola meal; CPCC = cold-pressed canola cake. 
b-Enzyme = without multi-enzyme supplementation. 
c+Enzyme = with multi-enzyme supplementation. 
dTotal NSP = total non-starch polysaccharides. 
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Table 4.3. Coefficients of in vitro digestibility of dry matter (DM) and non-starch polysaccharides (NSP) for canola co-productsa 
Item 
-Enzymeb  +Enzymec 
SEM 
P-value 
SECM CPCC  SECM CPCC Canola Enzyme C × Ed 
IVDDMe  0.584 0.635  0.597 0.652 0.006 <0.001 0.060 0.781 
IVDf of total NSP 0.202 0.214  0.218 0.220 0.012 0.659 0.490 0.738 
IVD of component sugars         
Arabinose  0.162z 0.213y  0.184xy 0.307z 0.012 <0.001 0.001 0.030 
Galactose 0.226w 0.260x  0.300y 0.432z 0.010 <0.001 <0.001 0.001 
Glucose 0.185y 0.144x  0.209yz 0.237z 0.012 0.697 0.001 0.043 
Mannose 0.221 0.283  0.297 0.394 0.010 <0.001 <0.001 0.221 
Uronic acids 0.270z 0.303z  0.226y 0.107x 0.012 0.010 <0.001 <0.001 
Xylose 0.118x 0.136x  0.285y 0.395z 0.012 <0.05 <0.001 0.006 
aSECM = solvent-extracted canola meal; CPCC = cold-pressed canola cake. 
b-Enzyme = without multi-enzyme supplementation. 
c+Enzyme = with multi-enzyme supplementation. 
dC × E = interaction effect between canola co-products and multi-enzyme supplementation. 
eIVDDM = in vitro digestibility of DM. 
fIVD = in vitro digestibility. 
z−xWithin a row, means without a common superscript differ (P < 0.05). 
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Table 4.4. Fitted kinetics parameters and analyzed VFA concentrations and molar ratios after in vitro fermentation of enzymatically 
unhydrolyzed residue of canola co-productsa 
Item 
Canola co-products 
 
SEM 
P-value -Enzymeb  +Enzymec 
SECM CPCC  SECM CPCC Canola Enzyme C × Ed 
Kinetics parameters 
Lag time, h 4.74 5.75  3.96 4.29 0.573 0.285 0.072 0.606 
Half timee, h 14.5 17.2  14.3 17.5 0.311 <0.001 0.834 0.712 
Rate of degradationf 0.10 0.09  0.09 0.08 0.004 0.079 0.033 0.441 
Total gasg 106.0 89.3  96.8 76.6 2.847 <0.001 <0.001 0.524 
VFA concentration (mmol/g DM of enzymatically unhydrolyzed residue) 
Total  4.43 2.89  3.69 2.73 0.313 <0.001 0.162 0.368 
ACA 2.40 1.56  1.97 1.44 0.180 0.010 0.220 0.596 
PPA 1.00 0.83  0.79 0.84 0.095 0.631 0.314 0.269 
BTA 0.54 0.49  0.49 0.40 0.025 0.078 0.862 0.670 
BCFA 0.33 0.13  0.29 0.14 0.031 0.002 0.949 0.484 
VFA concentration (mmol/g DM of feedstuff) 
Total  1.82 1.07  1.47 0.96 0.116 <0.001 0.058 0.299 
ACA 0.98 0.57  0.78 0.51 0.071 <0.001 0.117 0.522 
PPA 0.41 0.31  0.31 0.27 0.033 0.026 0.039 0.436 
BTA 0.23 0.15  0.20 0.14 0.010 0.017 0.689 0.686 
BCFA  0.13 0.04  0.12 0.05 0.013 <0.001 0.895 0.493 
aSECM = solvent-extracted canola meal; CPCC = cold-pressed canola cake; ACA = acetic acid; PPA = propionic acid; BTA = 
butyric acid; and BCFA = branched-chain volatile fatty acids. 
b-Enzyme = without multi-enzyme supplementation. 
c+Enzyme = with multi-enzyme supplementation. 
dC × E = interaction effect between canola co-products and multi-enzyme supplementation. 
eHalf-time to asymptote (h; T/2).  
fFractional rate of degradation (h-1) at t = T/2. 
gCummulative gas production recorded during microbial incubation (ml/g of sample). 
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Figure 4.1. Gas production kinetics of the undigested residue of canola co-products during 72-hour of microbial fermentation. SECM = 
solvent-extracted canola meal; CPCC = cold-pressed canola cake. 
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CHAPTER FIVE 
 
Growth performance, organ weights, and blood parameters of nursery pigs fed diets 
containing increasing levels of cold-pressed canola cake1
 
5.1 ABSTRACT: Oilseed cakes have high oil content, and thus their inclusion in 
swine can lead to reduced dietary inclusion of oil, and hence reduced cost of feed. An 
experiment was conducted to determine effects of including Brassica napus-derived 
cold-pressed canola cake (CPCC) in diets for nursery pigs on growth performance, 
organ weights relative to live body weight (BW), and blood parameters. A total of 
160 pigs (initial BW: 7.8 ± 0.9 kg), which had been weaned at 21 d of age were 
housed in 40 pens (4 pigs/pen) and fed 4 diets (10 pens/diet) in a randomized 
complete block design for 35 d. The 4 diets were corn-soybean meal (SBM)-based 
basal diet and the basal diet with corn and SBM replaced by 20, 30, or 40% of CPCC. 
The diets were fed in 2 phases, Phase 1 from d 0 to 14 and Phase 2 from d 14 to 35; 
and were formulated to meet NRC (2012) nutrient recommendations for nursery pigs 
and to have the same net energy, standardized ileal digestible amino acid, and 
digestible P contents. Increasing inclusion of CPCC in diets was achieved by partial 
replacement of corn, SBM, limestone, and mono-calcium phosphate. Growth 
performance was determined by phase. On d 35, 1 pig from each pen was euthanized 
for determining organ weights and blood parameters. The CPCC contained 7.63% 
moisture; and on a dry matter basis, it (CPCC) contained 39.6% crude protein, 2.32% 
                                               
1The materials presented in chapter five of this dissertation have been published in Journal of Animal Science: J. 
W. Lee and T. A. Woyengo. 2018. Growth performance, organ weights, and blood parameters of nursery pigs fed 
diets containing increasing levels of cold-pressed canola cake. J. Anim. Sci. 96:4704–4712. 
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Lys, 0.74% Met, 1.63% Thr, 0.50% Trp, 16.0% ether extract, 20.7% neutral detergent 
fiber, and 14.9 µmol/g of glucosinolates. Increasing dietary CPCC from 0 to 40% 
linearly reduced (P < 0.05) overall (d 0 to 35) average daily gain and average daily 
feed intake (0.440 to 0.288 kg/d and 0.739 to 0.522 kg/d, respectively). Increasing 
dietary CPCC from 0 to 40% resulted in a linear increase (P < 0.05) in liver weight by 
0.1 g/kg of BW and in thyroid gland weight by 2.2 mg/kg of BW, but in a linear 
reduction (P < 0.05) in serum tetraiodothyronine (T4) level by 0.2 ng/mL for each 1% 
increase in CPCC at 35 d of age. No differences were observed in heart and kidney 
weights relative to live BW, and in serum triiodothyronine (T3) concentration. In 
conclusion, increasing dietary CPCC from 0 to 40% by reducing corn and SBM levels 
resulted in depressed growth performance, increased metabolic activity in liver and 
thyroid gland, and reduced serum T4 level of pigs. Thus, the amounts of CPCC 
included in nursery pig diets should be based on targeted growth performance and 
cost of other feedstuffs in relation to that of CPCC. 
 
Key words: blood parameters, cold-pressed canola cake, nursery pigs, organ weights, 
performance  
 
5.2 INTRODUCTION 
Inclusion of oilseed cakes in pig diets can reduce feed cost because of their 
high oil content, which leads to reduced dietary inclusion of oil. However, canola co-
products have a high content of fiber and glucosinolates, which reduce nutrient 
utilization in pigs (Woyengo et al., 2014a). Aliphatic and indolic glucosinolates are 
predominantly present in canola (Cartea and Velasco, 2008). Aliphatic glucosinolate 
degradation products are bitter and adversely affect liver and kidney functions 
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(Tripathi and Mishra, 2007). Indolic glucosinolates exhibit anti-carcinogenicity by 
activating hepatic detoxification enzymes (Loft et al., 1992), leading to increased 
utilization of dietary nutrients in livers at the expense of skeletal tissue deposition. 
Indolic glucosinolates are more heat-labile than aliphatic glucosinolates (Jensen et al., 
1995).  
Oil is extracted from canola seed mainly by cold or expeller pressing, or 
solvent extraction (expeller pressing followed by solvent extraction) methods. Solvent 
extraction and expeller pressing are more efficient methods of oil extraction than cold 
pressing method, and the seed is exposed to less heat during cold pressing than 
solvent extraction or expeller pressing (Sparagg and Mailer, 2007). Thus, cold-
pressed canola cake (CPCC) contains more remaining oil than solvent-extracted 
canola meal (SECM) or expeller-pressed canola meal (EPCM). Additionally, CPCC 
contains more indolic glucosinolates than EPCM or SECM. Thus, the feeding value 
of CPCC is different from that of EPCM or SECM.  
Effects of including EPCM or SECM in pig diets on performance, thyroid 
gland, liver, and kidney functions have been reported (Parr et al., 2015; Velayudhan et 
al., 2017). However, information is lacking on the effects of including CPCC in diets 
for pigs on the fore-mentioned response criteria. Objective of this study was to 
determine effects of including CPCC in diets for nursery pigs on growth performance, 
visceral organ weights, and blood parameters.   
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5.3 MATERIALS AND METHODS 
5.3.1 Animals and Housing 
A total of 160 pigs (initial body weight [BW] of 7.8 ± 0.9 kg; Large White-
Landrace female [line 42] × Duroc male [line 280]; Pig Improvement Company) 
weaned at 21 d of age were obtained from Swine Education and Research Facility, 
South Dakota State University (Brookings, SD). The pigs were fed common 
commercial starter diet during the first 7 d post-weaning. Pigs were then individually 
weighed and housed in 40 pens (4 pigs/pen). Pens (1.8 × 2.4 m) had fully slated-
concrete floors, metal spindle walls (1.0 m high), and solid polyvinyl chloride gates. 
Each pen was equipped with a cup drinker, a double-space dry feeder, and a heat 
lamp. Room temperature was maintained at 28 ± 1°C during the first 1wk. Thereafter, 
the room temperature was maintained at 27 ± 2°C throughout the experiment.   
5.3.2 Experimental Diets  
Four experimental diets included a corn-soybean meal (SBM)-based basal diet 
containing 0, 20, 30, or 40% of CPCC (Table 5.1). The CPCC fed in the current study 
was derived from Brassica napus seed, and was sourced from OKC Farm (Raymond, 
Alberta, Canada) in one lot, and had been produced by heating the canola seed at 
23ºC for 15 min, followed by pressing of the heated canola seed at less than 70ºC 
(barrel temperature) for 2 min using a screw press expeller (Model KEK-P0500, 
Remscheid, Germany). The CPCC was delivered to South Dakota State University 
within 4 d after its production. The experimental diets were formulated to similar net 
energy (NE), crude protein (CP), Ca, standardized total tract digestible P, and 
standardized ileal digestible Lys, Met, Thr, and Trp contents. The experimental diets 
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were fed in 2 phases; Phase 1 for 14 d, and Phase 2 for 21 d. The diets were fed as 
mash, and were formulated to meet or exceed NRC (2012) nutrient recommendations 
for nursery pigs. Phase 1 diets contained 2,485 kcal/kg NE; 1.35, 0.39, 0.79 and 
0.24% standardized ileal digestible content of Lys, Met, Thr, Trp, respectively; and 
0.40% standardized total tract digestible P content. Phase 2 diets contained 2,473 
kcal/kg NE, 1.23, 0.36, 0.73, and 0.22% standardized ileal digestible content of Lys, 
Met, Thr, Trp, respectively, and 0.33% standardized total tract digestible P content. 
5.3.3 Experimental Design and Procedure 
The 4 diets were allotted to the 40 pens with 4 pigs per pen in a randomized 
complete block design. Diets and fresh water were offered to pigs ad libitum during 
the entire period. Pig BW and feed intake were determined by phase to calculate 
average daily gain (ADG), average daily feed intake (ADFI), and gain-to-feed ratio 
(G:F). At the end of the trial, 1 pig (per pen) with BW that was close to the pen 
average BW was selected, and then euthanized by captive bolt penetration. The liver, 
kidneys, thyroid gland and heart were isolated and collected from the euthanized pigs, 
blot dried and weighed. Prior to euthanasia, 10 mL of blood was collected from each 
pig that had been ear-marked for euthanasia via jugular vein puncture into 2 sets of 
vacutainer tubes; EDTA coated and serum tubes (BD Vacutainer, Plymouth, UK; 5 
mL/tube) and immediately stored on ice. Blood samples collected in serum vacutainer 
tubes were immediately (~30 min after their collection) centrifuged at 2,000 × g for 
10 min at 4°C to recover serum, which was stored frozen at -20 °C for latter 
determination of serum triiodothyronine (T3) and tetraiodothyronine (T4) 
concentrations. Blood samples collected in EDTA-coated vacutainer tubes were 
analyzed for complete blood count (CBC). 
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5.3.4 Sample Preparation and Analyses 
The CPCC and experimental diets were ground to pass through a 1.00-mm 
screen using a Wiley mill (Thomas-Wiley Laboratory Mill Model 4, Thomas 
Scientific, NJ). The ground CPCC and diet samples were analyzed for dry matter 
(DM), CP, ether extract (EE), ash, acid detergent fiber (ADF), and neutral detergent 
fiber (NDF). The samples were analyzed for DM by oven drying at 135°C for 2 hours 
(method 930.15), CP by a combustion procedure (method 990.03), EE (method 
2003.06), dry ash (method 942.05) as per AOAC (2007); and for ADF and NDF (Van 
Soest et al., 1991) on a Ankom 200 Fiber Analyzer (Ankom Technology, Fairport, 
NY). Samples were analyzed for AA (method 982.30 E [a, b, and c]; AOAC, 2006) at 
the University of Missouri Experiment Station laboratories (Columbia, MO). 
Glucosinolate content was quantified by gas chromatography (POS Pilot Plant Corp., 
Saskatoon, SK, Canada) according to the method of Daun and McGregor (1981). The 
CBC profile was determined using a hematology analyzer (Abbott CD 3500, Abbott 
Diagnostics Division, Mountain View, CA). Blood serum concentration of T3 was 
determined using an immunoassay analyzer (Immulite 1000, DPC, Los Angeles, CA), 
whereas blood serum concentration of T4 was determined using Clinical Chemistry 
Auto-Analyzer System (Vet Axcel Chemistry Analyzer, Alfa Wassermann Diagnostic 
Technologies, West Caldwell, NJ).  
5.3.5 Statistical Analysis 
Data were analyzed using the MIXED procedure of SAS (ver. 9.3, SAS 
Institute Inc., Cary, NC) in a randomized complete block design with pen as the 
experimental unit. The model included treatment as the fixed effect and block as the 
random effect. Linear and quadratic contrasts for unequally spaced levels were 
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performed to determine the effects of increasing inclusion of CPCC in nursery diets. 
To test the hypotheses, P < 0.05 was considered significant. If pertinent, trends (0.05 
≤ P < 0.10) are also reported. 
 
5.4 RESULTS 
The analyzed CP content in the diets was similar to the calculated CP content 
in the diets (Table 5.1). Progoitrin was the most abundant aliphatic glucosinolate, 
whereas and 4-hydroxyglucobrassicin was the most abundant indolic glucosinolate 
present in CPCC fed in the current study (Table 5.2). Data on effect of dietary 
inclusion of CPCC on growth performance are presented in Table 3. An increase in 
the dietary level of CPCC resulted in a linear reduction (P < 0.05) in BW of pigs for d 
14 and 35 (Table 5.3). Increasing dietary inclusion of CPCC from 0 to 40% linearly 
decreased (P < 0.05) ADG and ADFI of pigs for d 0 to 14 and d 14 to 35, and for the 
entire experiment (d 0 to 35). For d 0 to 14 and for the entire experiment, G:F was 
linearly reduced (P < 0.05) with the increasing levels of dietary CPCC. However, no 
significant differences were observed in G:F for d 14 to 35. 
Data on effect of dietary inclusion of CPCC on organ weights and blood 
parameters of pigs are presented in Table 5.4. There were no effects of dietary level of 
CPCC on heart, and kidneys relative to live BW. However, an increase in the dietary 
level of CPCC resulted in a linear (P < 0.05) increase in liver and thyroid gland 
weights relative to live BW. Also, an increase in the dietary level of CPCC resulted in 
a quadratic increase (P < 0.05) in thyroid gland weight relative to live BW such that 
thyroid gland weight increased (P < 0.05) when dietary CPCC was increased from 0 
to 30%, and then decreased (P < 0.05) when dietary CPCC was further increased to 
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40%. Dietary CPCC linearly increased (P < 0.05) mean corpuscular volume and mean 
corpuscular hemoglobin. Red blood cell distribution width was quadratically 
increased (P < 0.05) by the increasing dietary inclusion of CPCC such that red blood 
cell distribution width increased with an increase in the dietary level of CPCC from 0 
to 30% (P < 0.05), and then decreased (P < 0.05) with an increase in dietary level of 
CPCC from 30 to 40%. The other CBC features including hemoglobin, lymphocyte, 
mean corpuscular hemoglobin concentration, monocyte, red blood cell and white 
blood cell were not affected by dietary inclusion of CPCC. Dietary CPCC 
quadratically reduced (P < 0.05) the serum T4 concentration such that an increase in 
the dietary level of CPCC from 0 to 30% did not affect serum T4 level, but a further 
increase in the dietary level of CPCC to 40% resulted in a decrease (P < 0.05) in the 
serum T4 concentration.  
 
5.5 DISCUSSION 
The EE content of CPCC (16.0%) was greater than the values for EPCM 
(9.9%) and SECM (3.2%) reported by NRC (2012), which was due to the fact that 
cold pressing is a less efficient method of oil extraction than expeller pressing or 
solvent extraction method. The NDF value of CPCC (20.7%) was less than the value 
for EPCM (23.8%) reported by NRC (2012). The EE value for CPCC (16.0%) fed in 
the current study was lower than EE value for CPCC (31.3%) reported by Woyengo et 
al. (2016b). However, the CP and AA values for CPCC fed in the current study were 
greater than values that were reported for CPCC by Woyengo et al. (2016b). The 
NDF value of CPCC (20.7%) fed in the current study was greater than the NDF value 
(18.2%) that was reported by Woyengo et al. (2016b) for CPCC. The greater CP, AA 
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and NDF values for CPCC fed in the current study could have been attributable to the 
lower EE content in CPCC fed in the current study than that for CPCC fed in the 
study of Woyengo et al. (2016b). The total glucosinolate content of CPCC (14.9 
µmol/g) fed in the current study was greater than the values that were reported by 
Landero et al. (2011; 3.8 µmol/g) and Parr et al. (2015; 8.7 µmol/g) for SECM, and 
by Woyengo et al. (2011; 8.0 µmol/g) and Velayudhan et al. (2017; 9.3 µmol/g) for 
EPCM. The total glucosinolate content of CPCC was greater than the average 
Canadian values that were reported by Canola Council of Canada (2015; 4.2 µmol/g) 
for SECM. The greater total glucosinolate content in CPCC fed in the current study 
than in EPCM or SECM fed in the previous studies could be attributable to the fact 
that the CPCC was exposed to less heat than EPCM or SECM during oil extraction. 
Glucosinolates are heat-liable and hence degradable by heat (Newkirk and Classen, 
2002). The total aliphatic glucosinolate value (7.8 µmol/g) for CPCC was comparable 
to the values that were reported by Parr et al. (2015; 5.9 µmol/g) for SECM and by 
Velayudhan et al. (2017; 7.5 µmol/g) for EPCM. However, the total indolic 
glucosinolate value (6.6 µmol/g) for CPCC fed in the current study was greater than 
the values that were reported by Parr et al. (2015; 2.8 µmol/g), and Newkirk et al. 
(2003; 4.8 µmol/g) for SECM, and by Velayudhan et al. (2017; 1.4 µmol/g), and 
Woyengo et al. (2011; 2.8 µmol/g) for EPCM. Jensen et al. (1995) reported a greater 
reduction in the indolic glucosinolate content than in the aliphatic glucosinolate 
content in rapeseed meal due to toasting. Newkirk and Classen (2002) also reported a 
substantial reduction of glucobrassicin (an indolic glucosinolate) content but not of 
aliphatic glucosinolates content of SECM due to toasting of the SECM, implying that 
the indolic glucosinolates are more susceptible to heat treatment than the aliphatic 
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glucosinolates. Thus, the similarities between CPCC fed in the current study and 
SECM or ECPM fed in the studies of Parr et al. (2015) and Velayudhan et al. (2017) 
with regard to the aliphatic glucosinolate content, and the greater indolic 
glucosinolate content in CPCC than in SECM or ECPM fed in the previous studies 
could be attributed to the fact that the CPCC was exposed to less heat than EPCM or 
SECM during oil extraction. 
An increase in the dietary level of CPCC from 0 to 40% linearly reduced ADG 
of pigs despite the fact that the diets were formulated to be similar in NE and 
digestible nutrient content. This reduction in ADG of pigs due to increasing dietary 
inclusion of CPCC was a result of the reduction in ADFI, the increase in liver weights 
relative to live BW, and the decrease in the serum level of T4 with an increase in 
dietary level of CPCC. Growth of pigs is positively related to nutrient intake. Thus, 
reduction in nutrient intake as evidenced by the reduction in ADFI due to dietary 
CPCC can result in reduced ADG of pigs. An increase in visceral organ mass of pigs, 
which is mainly due to increased metabolic activity in visceral organs, result in 
increased energy expenditure by visceral organs at the expense of skeletal tissue 
deposition (Nyachoti et al., 2000). Therefore, an increase in metabolic activities in the 
liver due to an increase in dietary level of CPCC in the current study as evidenced by 
the increase in liver weights relative to live BW resulted in increased energy 
expenditure at the expense of growth and development, leading to the reduced ADG 
of pigs. Thyroid hormones affect energy metabolism and promotes growth and 
development partly through stimulation of growth hormone synthesis (Fisher et al., 
1982; Hulbert, 2000). Therefore, the reduction in serum level of T4 due to dietary 
CPCC could have resulted in reduced ADG of pigs. 
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In the current study, ADG of pigs fed diets containing ≥ 20% CPCC was 
lower than that of pigs fed diet containing 0% CPCC, which is in contrast to the 
results reported by Parr et al. (2015) and Velayudhan et al. (2017) who did not 
observe a reduction in ADG due to an increase in dietary level of conventional SECM 
or EPCM from 0 to 20%. In the current study and those of Parr et al. (2015) and 
Velayudhan et al. (2017), the levels of canola co-products in diets were increased by 
the partial replacement of corn and SBM in the diets. The CPCC fed in the current 
had lower fiber content than the conventional SECM or EPCM fed in the studies of 
Parr et al. (2015) and Velayudhan et al. (2017), implying that the differences in the 
effects of dietary canola co-product on ADG between the current study and the 
previous 2 studies could not have been due to differences in the fiber content of 
canola co-products. However, as previously mentioned, the CPCC had similar 
aliphatic glucosinolate content, but greater indolic glucosinolate content than the 
values that were earlier reported for the conventional SECM and EPCM. The indolic 
glucosinolates are degraded into anti-carcinogenic products that increase metabolic 
activity of various visceral organs such as liver by activating various enzymes that are 
involved in inactivation of carcinogens (Cartea and Velasco, 2008), leading to the 
increased energy expenditure in the visceral organs at the expense of growth. 
Therefore, the reduction in ADG of pigs in the current study due to inclusion of 
CPCC at 20%, and lack of effect of including the conventional SECM or EPCM at 
20% on ADG of pigs in the studies of Parr et al. (2015) and Velayudhan et al. (2017) 
could have been attributable to greater content of indolic glucosinolates in CPCC fed 
in the current study than in SECM and EPCM fed in the studies of Parr et al. (2015) 
and Velayudhan et al. (2017). Indolic glucosinolates have been considered to be 
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beneficial because of their anti-carcinogenic activity in humans; however, it appears 
that they have negative effect on growth performance of pigs.   
The increasing inclusion of CPCC in diets from 0 to 40% resulted in a linear 
reduction in ADFI. As previously mentioned, canola co-products have high content of 
fiber and glucosinolates, which result in reduced voluntary feed intake in pigs 
(Mejicanos et al., 2016). Voluntary feed intake of pigs fed diets containing fiber is 
reduced mainly due to the bulkiness and prolonged postprandial satiety effect of fiber 
(de Leeuw et al., 2008). Zhou et al. (2013) reported no differences in ADFI of pigs 
fed air-classified fractions of SECM that contained similar glucosinolate levels, but 
differed in fiber content, indicating that low voluntary feed intake of canola co-
products is mainly due to glucosinolates. The reduction in ADFI due to dietary CPCC 
is in agreement with the results from the study of Parr et al. (2015), who reported that 
ADFI of diets for nursery pigs was linearly reduced with an increase in dietary level 
of SECM from 0 to 40%. Similarly, Velayudhan et al. (2017) reported a linear 
reduction in ADFI of growing pigs due to an increase in dietary level of EPCM from 
0 to 30%. 
The increased liver weights relative to live BW due to an increase in dietary 
level of CPCC from 0 to 40% may be explained by increased metabolic activity in the 
liver due to increased absorption (from the gastrointestinal tract) of myrosinase-
catalyzed toxic degradation products of glucosinolates that are detoxified in the liver. 
Hepatic detoxification enzymes in rats were activated due to intake of allyl 
isothiocyanate, which are toxic glucosinolates found in canola co-products (Munday, 
2002). Also, consumption of toxic allyl nitriles (toxic glucosinolates found in canola 
co-products) resulted in increased activity of detoxification enzymes in hepatic tissues 
 
 
78 
of mouse and rats (Nho and Jeffery, 2001; Tanii et al., 2005). Results of the current 
study are in agreement with those from the study of Parr et al. (2015), who observed 
an increased liver weight of nursery pigs due to an increase in dietary level of high-
protein SECM from 0 to 40%. However, results of the current study are not in 
agreement with those from the study of Velayudhan et al. (2017), who did not observe 
an increase in liver weight of growing pigs due to an increase in dietary level of 
EPCM from 0 to 30%. Also, Parr et al. (2015) did not observe an increase in liver 
weight of nursery pigs due to an increase in dietary level of conventional SECM from 
0 to 40%. As previously mentioned, the CPCC fed in the current study had similar 
aliphatic glucosinolate content, but greater indolic glucosinolate content than the 
conventional SECM and EPCM fed in the studies of Parr et al. (2015) and 
Velayudhan et al. (2017). Thus, the differences among studies with regard to the 
effects of dietary canola co-products on the size of liver in pigs could have been due 
to differences in composition of glucosinolates in the canola co-products.  
Feeding the increasing dietary level of CPCC did not affect heart and kidney 
weights relative to live BW, which could have been mainly due to the inadequate 
ingestion of glucosinolates to result in an enlargement in the heart and kidneys of 
pigs. Roland et al. (1996) reported that feeding 12% rapeseed meal induced hepatic 
hypertrophy in gnotobiotic rats without any significant effects on the kidney weight. 
Similarly, Schöne et al. (1990) also reported that feeding 15% rapeseed cake resulted 
in the enlarged liver of pigs, whereas the kidneys were not affected by dietary 
rapeseed cake rich in glucosinolates. Woyengo et al. (2011) reported a linear increase 
in the liver weight relative live BW, but not in heart and kidney weights relative to 
live BW, due to increasing inclusion of EPCM in diets for broilers from 0 to 40%, 
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indicating that the heart and kidneys of monogastric animals may be less susceptible 
to glucosinolate degradation products than the liver. 
The increased thyroid gland weights and reduced serum T4 level due to 
dietary CPCC could be explained by the increased metabolic activity of thyroid gland 
and reduced synthesis of T4 in the thyroid gland due to impairment of iodine uptake 
by thyroid gland by dietary glucosinolates. Glucosinolate degradation products impair 
the uptake of iodine by thyroid gland and reduce synthesis of T4, leading to enlarged 
thyroid gland and reduced serum level of T4 (Schöne et al., 1997b; Tripathi and 
Mishra, 2007). The increased thyroid gland weights of pigs observed in the current 
study is in agreement with the results from the study of Velayudhan et al. (2017), who 
reported increased thyroid gland weights and reduced serum level of T4 in growing 
pigs due to an increase in the dietary level of EPCM. Parr et al. (2015) also reported 
that an increase in dietary level of high-protein SECM from 0 to 40% resulted in the 
enlargement of thyroid gland and a reduction in serum T4 level in nursery pigs.  
Increasing dietary level of CPCC did not adversely affect hemoglobin content 
and red blood cell count of pigs. Dietary inclusion of rapeseed meal resulted in 
reduced red blood cell count and blood hemoglobin content of pigs due to 
glucosinolate-induced iodine deficiency (Schöne et al., 1990). However, in the current 
study, dietary CPCC did not affect red blood cell count and blood hemoglobin content 
of pigs. Also, in the previous studies, red blood cell count and blood hemoglobin 
content of pigs were not affected by dietary EPCM (Velayudhan et al., 2017) or 
SECM (Parr et al., 2015). The calculated total glucosinolate content in diets fed in the 
current study and in the studies of Velayudhan et al. (2017) and Parr et al. (2015) was 
less than 7 µmol/g, whereas the calculated total glucosinolate content in diets fed in 
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the study of Schöne et al. (1990) was 10.4 µmol/g. Woyengo et al. (2011) observed a 
reduction in ADG and an increase liver weight of broilers, but non-significant change 
in blood hemoglobin content due to an increase in concentration of glucosinolates in 
diets from 0 to 3.2 µmol/g through dietary inclusion of EPCM, implying that the 
amounts of dietary glucosinolates that are required to affect blood parameters are 
greater than those required to affect growth performance and liver weight. Thus, the 
lack of effect of dietary CPCC in the current study and of dietary EPCM and SECM 
in the studies of Velayudhan et al. (2017) and Parr et al. (2015) on red blood cell 
count and blood hemoglobin content of pigs could have been due to relatively lower 
content of glucosinolates in canola co-products than in rapeseed meal, leading to 
lower dietary glucosinolate content in canola co-product-based diets. In the current 
study, mean corpuscular volume and mean corpuscular hemoglobin were linearly 
reduced by an increase in dietary level of CPCC. The reduced concentrations of mean 
corpuscular volume and mean corpuscular hemoglobin of pigs by the dietary CPCC 
indicates that the size of red blood cells and hemoglobin content in them were 
reduced by dietary CPCC. However, Parr et al. (2015) did not observe a reduction in 
mean corpuscular volume and mean corpuscular hemoglobin of nursery pigs due to an 
increase in dietary level of conventional or high-protein SECM from 0 to 40%. The 
differences between the current study and that of Parr et al. (2015) with regard to the 
effects of dietary canola co-products on mean corpuscular volume and mean 
corpuscular hemoglobin of pigs could have been due to the differences in the content 
and composition of glucosinolates among the canola co-products.       
In conclusion, increasing the dietary inclusion level of CPCC from 0 to 40% 
resulted in depressed growth performance, increased metabolic activity in the liver 
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and thyroid gland, and reduced serum T4 level of nursery pigs. The indolic 
glucosinolates and hence total glucosinolates values for the CPCC were greater than 
the values that were previously reported for EPCM or SECM. It appears that the 
indolic glucosinolates that were present in CPCC had negative effects on growth 
performance, liver and thyroid gland functions of nursery pigs. Therefore, dietary 
CPCC should be included in nursery diets based on targeted growth performance and 
price of CPCC. 
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Table 5.1. Ingredient composition and analyzed nutrient content of experimental diets (as-fed basis)1 
Item 
Phase 1  Phase 2 
Cold-pressed canola cake, %  Cold-pressed canola cake, % 
0 20 30 40  0 20 30 40 
Ingredient, %      
Corn 55.96 48.60 44.29 41.58  67.76 54.68 49.84 46.91 
Soybean meal 24.70 12.50 7.00 -  26.50 19.80 14.81 8.00 
Cold-pressed canola cake - 20.00 30.00 40.00  - 20.00 30.00 40.00 
Fish meal 4.00 4.00 4.00 4.00  2.50 2.50 2.50 2.50 
Soy protein2, 56% CP 1.50 1.50 1.50 1.50  - - - - 
Whey Permeate 10.00 10.00 10.00 10.00  - - - - 
Soybean oil 0.73 0.39 0.30 -  - 0.30 0.25 - 
Limestone 0.95 0.77 0.66 0.57  1.03 0.81 0.70 0.62 
Monocalcium phosphate 0.55 0.40 0.34 0.27  0.62 0.40 0.35 0.27 
Lysine HCl 0.39 0.53 0.58 0.68  0.39 0.36 0.40 0.49 
DL-Met 0.07 0.06 0.04 0.04  0.07 0.02 0.01 - 
L-Thr 0.10 0.14 0.15 0.19  0.11 0.08 0.08 0.11 
Salt 0.65 0.68 0.70 0.71  0.62 0.65 0.65 0.68 
Vitamin premix3 0.05 0.05 0.05 0.05  0.05 0.05 0.05 0.05 
Mineral premix4 0.15 0.15 0.15 0.15  0.15 0.15 0.15 0.15 
Analyzed composition, %      
Dry matter 89.29 90.17 90.38 90.64  88.24 88.81 88.86 89.79 
Crude protein 20.18 22.21 21.89 23.14  19.07 22.17 21.18 21.63 
Ash 6.45 6.85 6.40 6.73  6.01 5.66 5.39 5.85 
Ether extract 4.47 4.56 5.04 8.01  4.44 5.72 6.83 7.28 
Neutral detergent fiber 8.37 11.87 11.76 12.93  10.37 15.37 12.21 14.58 
Acid detergent fiber 2.66 4.99 6.01 6.85  4.39 6.14 6.36 7.12 
1The experimental diets were fed in 2 phases; Phase 1 from d 1 to 14 and Phase 2 from d 14 to 35.  
2Soy protein was a hydrolyzed soy protein product (HP 300) from Hamlet Protein (Horsens, Denmark).  
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3Provided the following per kilogram of diet: 2226 IU vitamin A, 340 IU vitamin D3, 11.3 IU vitamin E, 0.01 mg vitamin B12, 0.91 
mg menadione, 2.04 mg riboflavin, 12.5 mg pantothenic acid, 11.3 mg niacin, 0.23 mg folic acid, 0.68 mg pyridoxine, 0.68 mg thiamine, 
and 0.04 mg biotin. 
4Provided the following per kilogram of diet: 75 mg Zn as ZnSO4, 75 mg Fe as FeSO4; 7 mg Cu as CuSO4, and 20 mg Mn as MnSO4.
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Table 5.2. Analyzed nutrient and glucosinolate content of cold-pressed canola cake (% DM basis)1 
Item Cold-pressed canola cake 
Nutrient composition, %  
Moisture 7.63 
Crude protein 39.56 
Ash 6.49 
Ether extract 16.01 
Neutral detergent fiber 20.67 
Acid detergent fiber 14.32 
Indispensable amino acids 
Arg 2.35 
His 1.04 
Ile 1.67 
Leu 2.77 
Lys 2.32 
Met 0.74 
Phe 1.66 
Thr 1.63 
Trp 0.50 
Val 2.07 
Dispensable amino acids 
Ala 1.76 
Asp 2.71 
Cys 1.01 
Glu 6.46 
Gly 1.97 
Pro 2.37 
Ser 1.43 
Tyr 1.08 
Glucosinolates2, µmol/g  
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Gluconapin (3-Butenyl) 1.98 
Glucobrassicanapin (4-Pentenyl) 0.42 
Progoitrin (2-OH-3-butenyl) 4.63 
Gluconapoleiferin (2-OH-4-pentenyl) 0.10 
Total aliphatics 7.13 
Glucoerucin (CH3-thiobutenyl) <0.02 
Gluconasturtiin (Phenylethyl) 0.32 
  Glucoberteroin (CH3-thiopentenyl) 0.63 
Glucobrassicin (3-CH3-indolyl) 1.00 
4-Hydroxyglucobrassicin (4-OH-3-CH3-indolyl) 5.57 
Total glucosinolates 14.9 
1The analysis was done in duplicate and, hence the presented data are means of 2 values. 
2Glucosinolate values were analyzed by gas chromatography (Daun and McGregor, 1981) at POS Pilot Plant Corp. (Saskatoon, SK, 
Canada). 
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Table 5.3. Growth performance of nursery pigs fed increasing levels of cold-pressed canola cake1 
Item2 
Cold-pressed canola cake, % 
SEM 
P-value 
0 20 30 40 Diet Linear Quadratic 
BW, kg   
d 0 7.8 7.8 7.9 7.9 0.082 0.501 0.237 0.510 
d 14 11.5 10.5 10.3 9.9 0.213 <0.001 <0.001 0.573 
d 35 23.3 20.0 19.4 18.2 0.548 <0.001 <0.001 0.390 
ADG, kg    
d 0 to 14 0.267 0.199 0.174 0.142 0.013 <0.001 <0.001 0.809 
d 14 to 35 0.551 0.446 0.428 0.387 0.020 <0.001 <0.001 0.471 
d 0 to 35 0.440 0.350 0.328 0.288 0.015 <0.001 <0.001 0.595 
ADFI, kg   
d 0 to 14 0.389 0.322 0.289 0.259 0.015 <0.001 <0.001 0.862 
d 14 to 35 0.961 0.813 0.800 0.683 0.026 <0.001 <0.001 0.705 
d 0 to 35 0.739 0.621 0.598 0.522 0.020 <0.001 <0.001 0.969 
G:F   
d 0 to 14 0.680 0.617 0.602 0.547 0.022 0.002 <0.001 0.678 
d 14 to 35 0.571 0.548 0.538 0.567 0.017 0.466 0.610 0.171 
d 0 to 35 0.593 0.563 0.551 0.551 0.015 0.201 0.042 0.542 
1Data are means of 10 pens of pigs with 4 pigs per pen.  
2BW = body weight; ADG = average daily gain; ADFI = average daily feed intake; and G:F = gain to feed ratio. The pig BW and 
feed intake were determined by phase to calculate ADG, ADFI, and G:F by phase and for the entire experiment. 
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Table 5.4. Organ weights, complete blood counts and serum thyroid hormones of nursery pigs fed increasing levels of cold-pressed 
canola cake1 
Item 
Cold-pressed canola cake, %  P-value 
0 20 30 40 SEM Diet Linear Quadratic 
Organ weights          
Heart, g/kg of BW 6.6 6.8 6.9 6.5 0.300 0.574 0.712 0.252 
Kidneys, g/kg of BW 6.1 6.5 6.5 6.1 0.327 0.399 0.996 0.119 
Liver, g/kg of BW 32.9 36.1 37.6 38.1 1.555 0.103 0.016 0.698 
Thyroid gland, mg/kg of BW 132.8 181.9 266.0 191.7 18.268 <0.001 <0.001 0.011 
Complete blood counts2  
HGB, g/dL 12.2 12.1 11.7 11.7 0.304 0.434 0.128 0.925 
LYM, 103µL 8.74 7.25 9.01 6.66 1.228 0.358 0.371 0.785 
MCV, fL 55.7 52.8 52.8 50.5 1.371 0.051 0.010 0.899 
MCH, pg 18.0 16.9 16.9 16.2 0.471 0.053 0.009 0.914 
MCHC, g/dL 32.3 32.0 32.0 32.1 0.351 0.913 0.565 0.615 
MONO, % 2.80 3.00 2.83 2.13 0.472 0.407 0.361 0.215 
RBC, M/µL 6.80 7.13 6.96 7.25 0.180 0.241 0.108 0.935 
RDW, % 26.0 30.4 35.7 27.7 2.435 0.032 0.188 0.027 
WBC, K/µL 17.1 15.4 17.2 14.4 2.218 0.681 0.487 0.811 
Serum3         
T3, ng/mL 0.791 0.758 0.779 0.559 0.084 0.157 0.104 0.200 
T4, ng/mL 38.7 38.5 38.1 31.2 1.846 0.009 0.015 0.031 
1Pigs were housed in 40 pens (4 pigs/pen) and 1 pig per pen with BW that was close to the pen average BW was selected at the end of 
the trial, and then euthanized to collect liver, kidneys, thyroid gland and heart. Prior to euthanasia, 10 mL of blood was collected from 
each pig to determine complete blood counts, serum triiodothyronine (T3), and tetraiodothyronine (T4) concentrations.  
2HGB = hemoglobin; LYM = lymphocyte; MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = 
mean corpuscular hemoglobin concentration; MONO = monocyte; RBC = red blood cell; RDW = red blood cell distribution width; and 
WBC = white blood cell. 
3T3 = triiodothyronine; and T4 = tetraiodothyronine.  
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CHAPTER SIX 
Gastrointestinal tract weight and microbial composition of nursery pigs fed diets 
containing cold-pressed canola cake 
 
6.1 ABSTRACT: A study was conducted to determine the effects of including cold-
pressed canola cake (CPCC) in diets for nursery pigs on gastrointestinal tract (GIT) 
weight and gut microbial communities. A total of 160 nursery pigs (initial body 
weight [BW]: 7.8 ± 0.9 kg) that had been weaned at 21 days of age and fed a 
commercial nursery diet for 1 week after weaning were group-housed in 40 pens (4 
pigs per pen) and fed 4 diets in a randomized complete block design (10 pens per 
diet). Four experimental diets included a corn-soybean meal-based basal diet 
containing 0, 20, 30, or 40% of CPCC. Pigs were fed the diets in 2 phases; Phase 1 for 
14 days and Phase 2 for 21 days. At the conclusion of the study, 1 pig from each pen 
was euthanized for determining empty weights of various sections of the GIT relative 
to live BW and microbial communities in ileal digesta and feces of pigs. Microbial 
genomic DNA was extracted from the ileal digesta and fecal samples, followed by 
PCR-amplification of the V1-V3 region of the 16S rRNA gene and sequencing of gel-
purified amplicons using Illumina Miseq platform. Empty weights of the small 
intestine and cecum relative to live BW of pigs were unaffected by dietary CPCC 
inclusion. However, increasing dietary CPCC inclusion tended to linearly reduce (P = 
0.075) colon weight relative to live BW of pigs. At the phylum level, Firmicutes 
predominated in both ileal digesta and feces of pigs regardless of dietary levels of 
CPCC. Proteobacteria were more abundant in ileal digesta than in feces, whereas 
Bacteriodetes were more abundant in feces than in ileal digesta of pigs. Increasing 
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dietary CPCC inclusion resulted in an increased abundance of Firmicutes and 
decreased the abundance of Bacteriodetes in the feces of pigs. Among Firmicutes, 
predominant family members in ileal digesta of pigs were Clostridiaceae, 
Lactobacillaceae, and Streptococcaceae, whereas predominant family members in 
feces were Ruminococcaceae and Lachnospiraceae. Among Bacteriodetes, 
predominant family members in feces of pigs were Prevotellaceae, whereas 
predominant family member in ileal digesta of pigs was Enterobacteriaceae. In 
conclusion, increasing dietary CPCC inclusion increased the abundance of Firmicutes 
and reduced the abundance of Bacteriodetes in the feces of pigs, implying that dietary 
CPCC can affect BW gain partly through its effects on gut microbial compositions 
because the BW gain is partly dependent on the ratio of Firmicutes to Bacteriodetes. 
Also, increasing dietary CPCC inclusion resulted in reduced colon weight relative to 
live BW, implying dietary CPCC reduced energy expenditure in the colon of pigs. 
 
Key words: canola meal, microbial compositions, pig  
 
6.2 INTRODUCTION 
 Canola co-products are widely used sources of AA in diets fed to pigs 
(Woyengo et al., 2014a). Of the canola co-products that are available for swine 
feeding, cold-pressed canola cake (CPCC) has a high content of residual oil 
(Seneviratne et al., 2011b), and its inclusion in swine diets can reduce dietary 
inclusion of oil, leading to reduced cost of feed. However, dietary CPCC contains 
high levels of glucosinolates, which reduce nutrient utilization by pigs (Bell, 1993). 
Glucosinolates are degraded by dietary or microbial myrosinase in the large intestine 
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into bioactive metabolites (Fahey et al., 2001). Glucosinolate-derived degradation 
products such as 4-Methylsulphinylbutyl isothiocyanates exhibit antimicrobial 
activity against pathogenic bacteria (Tierens et al., 2001), implying that pig gut 
microbiome may be modified, and hence the gastrointestinal tract (GIT) weight of 
pigs can be subsequently altered by the presence of glucosinolate degradation 
products.  
In swine microbiome, a core microbiota of the GIT of conventional pigs was 
reported to contain 2 predominant phyla including Firmicutes and Bacteroidetes, 
accounting for more than 59% of the total sequences at the genus level (Holman et al, 
2017). Notably, Prevotella belongs to Bacteroidetes and the remaining 14 abundant 
genera were Firmicutes, confirming that Firmicutes and Bacteroidetes are the major 
dominant phyla present in the gut microbiota of conventional pigs. Dietary inclusion 
of canola meal at 20% resulted in an increase in the relative abundance of 
Lactobacillus and Clostridium Custer IV including Clostridium, Eubacterium, 
Ruminococcus and Anaerofilum genera in the feces of nursery pigs (Mejicanos et al., 
2017). Similarly, the inclusion of canola meal in diets increased the relative 
abundance of Lactobacillus and Enterococcus by 266 and 177%, respectively, in the 
feces of gestating sows (Velayudhan et al., 2018), implying that dietary glucosinolates 
present in canola meal increase the proliferation of lactic acid bacteria in the hindgut 
of pigs. Lactobacillus salivarius strain was reported to ferment dietary glucosinolates 
in canola meal, leading to reduced total glucosinolate content from 22.0 to 13.6 
µmol/g and reduced medium pH from 5.6 to 4.0 (Aljuobori et al., 2014), implying 
that dietary inclusion of canola meal increases the availability of substrates 
(glucosinolates) for Lactobacillus fermentation. However, to our knowledge, there is 
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a lack of information on the effects of CPCC-derived glucosinolates on the 
composition of gut microbiota in pigs. It was hypothesized that the inclusion of 
dietary CPCC in diets increases Firmicutes to Bacteriodetes ratio in the feces of 
nursery pigs. Thus, it is the objective of this study to determine the effects of 
including CPCC in diets for nursery pigs on the GIT weight and microbiota 
compositions in the ileal digesta and feces. 
  
6.3 MATERIALS AND METHODS 
A detailed description on the experimental animals and diets is presented in 
Chapter Five. Briefly, a total of 160 pigs (initial body weight [BW] of 7.8 ± 0.9 kg; 
Large White-Landrace female [line 42] × Duroc male [line 280]; Pig Improvement 
Company) that had been weaned at 21 d of age were obtained from Swine Education 
and Research Facility, South Dakota State University (Brookings, SD). Four 
experimental diets included a corn-soybean meal-based basal diet containing 0, 20, 
30, or 40% of CPCC. The 4 experimental diets were allotted to 40 pens with 4 pigs 
per pen in a randomized complete block design. At the termination of the study, 1 pig 
(per pen) with BW that was close to the pen average BW was selected, and then 
euthanized by captive bolt penetration, followed by exsanguination. The entire GIT 
including small intestine, cecum, and colon was isolated from the euthanized pigs and 
digesta contents from the distal ileum and distal colon of pigs were obtained. The 
separated GIT was emptied (devoid of digesta contents), blot dried and then weighed 
to determine empty weights of the GIT relative to live BW of pigs. Representative 
samples of digesta contents from the distal ileum and feces were collected, 
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immediately snap-frozen using liquid nitrogen, and stored frozen at -80 °C for latter 
determination of genomic DNA extraction.  
Microbial genomic DNA was isolated from ileal digesta and fecal samples 
using the repeated bead beating plus column method as described by Yu and Morrison 
(2004) with some modifications. Briefly, 0.25 g of digesta or fecal samples was 
transferred into 2-mL screw-cap tubes containing 750 µl of lysis buffer solution and 
sterile zirconia beads and then gently vortexed for 5 seconds. A 60 µl of Solution C1 
(sodium dodecyl sulfate; Powersoil DNA isolation kit; Mo Bio Laboratories Inc, CA) 
was added to the bead tubes, inverted serval times, and vortexed for 5 seconds. 
Samples were lysed by bead beating, followed by homogenization for 10 min using 
Tissuelyser (Qiagen, MD). After complete homogenization and cell lysis, lysed 
samples were centrifuged at 10,000 × g for 30 seconds at room temperature and the 
supernatant was transferred into 2-mL Eppendorf tubes. Non-DNA organic and 
inorganic materials present in the supernatant were precipitated by adding 250 µl of 
Solution C2 (ammonium acetate to the supernatant; Powersoil DNA isolation kit) to 
the Eppendorf tubes, vortexed for 5 seconds, incubated at 4°C for 5 min, and then 
centrifuged at 10,000 × g for 1 min at room temperature. After centrifugation, 
approximately 600 µl of the supernatant devoid of pellets was transferred into 2-mL 
Eppendorf tubes. A 200 µl of Solution C3 (second precipitating agent; Powersoil 
DNA isolation kit) was added to the tubes, vortexed for 5 seconds, and incubated at 
4°C for 5 min, and then centrifuged at 10,000 × g for 1 min at room temperature. A 
750 µl of the supernatant devoid of pellets was transferred into 2-mL Eppendorf 
tubes. A 1.2 ml of Solution C4 (high concentration salt solution; Powersoil DNA 
isolation kit) was added to the solution and vortexed for 5 seconds. Samples were 
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further purified using an instruction manual prepared by the manufacturer. The 
genomic DNA was eluted in 100 µl of sterile elution buffer and the eluted DNA was 
analyzed using NanoDrop™ One (Thermo Scientific™, DE). Finally, the extracted 
genomic DNA samples were stored frozen at -20 °C for latter determination. The V1-
V3  region of bacterial 16S rRNA gene sequences was amplified by polymerase chain 
reaction (PCR). The PCR reactions were performed using the 27F forward and 519R 
reverse primer pair. Reactions for PCR were performed with the Phusion Taq DNA 
polymerase (Thermo Scientific). Products from PCR were separated and obtained by 
agarose gel electrophoresis, and amplicons of the expected size (~500 bp) were 
extracted for gel purification using the QiaexII Gel extraction kit (QIAGEN). 
Amplified DNA were subjected to Molecular Research DNA (MRDNA, Shallowater, 
TX, USA) for sequencing using the MiSeq 2x300 platform (Illumina, San Diego, CA, 
USA) to produce overlapping paired end reads. Sequence reads were clustered into 
Operational Taxonomic Units (OTU) at a genetic distance cutoff of 5% sequence 
dissimilarity. The OTU tables were generated using CLC Genomics Workbench 9.4.      
Data were analyzed using the MIXED procedure of SAS (ver. 9.3, SAS 
Institute Inc., Cary, NC) in a randomized complete block design with pig as the 
experimental unit. The model included treatment as the fixed effect and block as the 
random effect. Orthogonal polynomial contrasts were used for unequally spaced 
levels to determine linear and quadratic effects of increasing inclusion of CPCC in 
nursery diets. To test the hypotheses, P < 0.05 was considered significant. If pertinent, 
trends (0.05 ≤ P < 0.10) are also reported. 
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6.4 RESULTS AND DISCUSSION 
Dietary inclusion of CPCC did not affect empty weights of the small intestine 
and cecum relative to live BW of pigs (Table 6.1). However, increasing the dietary 
inclusion level of CPCC from 0 to 40% tended to linearly reduce (P = 0.075) colon 
weight relative to live BW of pigs. The reduction in the colonic weight of pigs due to 
an increase in dietary inclusion of CPCC from 0 to 40% could have been partly due to 
increased antimicrobial activity of glucosinolate degradation products against Gram-
positive bacteria and Gram-negative bacteria, leading to modified gut microbial 
compositions, and hence altered colonic weight of pigs. During myrosinase-catalyzed 
hydrolysis of glucosinolates, indole-3-acetonitirles and indole-3-carbinol are major 
degradation products derived from glucobrassicin (dominant indolic glucosinolates; 
Agerbirk et al., 1998). Isothiocyanates are degradation products of aliphatic and 
indolic glucosinolates (Cartea and Velasco, 2008). Aires et al. (2009) reported that 
isothiocyanates exhibit antimicrobial activity against Gram-positive bacteria and 
Gram-negative bacteria, whereas indole-3-acetonitriles were effective antimicrobial 
metabolites against Gram-positive bacteria. Indole-3-carbinol was also effective in 
inhibiting the growth of Gram-positive bacteria (Sung and Lee, 2007). Similarly, the  
results of the current study are in agreement with those from the study of Velayudhan 
et al. (2017), who observed a reduction in the colon weight of pigs due to an increase 
in dietary level of expeller-pressed canola meal from 0 to 30%.  
Inclusion of CPCC in diets did not affect the microbiome diversity of the 
bacterial population in ileal digesta and feces of pigs as evidenced by the β-diversity 
of the bacterial community between the ileal digesta and fecal samples using Bray-
Curtis index (Figure 6.1). The unaffected diversity of microbial population between 
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samples collected from the same GIT compartment but differed microbiome diversity 
of bacterial population between the ileal digesta and feces of pigs could have been 
due to the major differences in the microbial populations between the distal ileum and 
distal colon of pigs. The β-diversity is a comparison and measurement of microbial 
diversity between two or more samples (Goodrich et al., 2016), indicating that an 
increase in the β-diversity index (greater β-diversity) shows a greater dissimilarity in 
bacterial communities between the samples. Bray-Curtis index was used to determine 
the β-diversity among the ileal digesta and fecal samples. The Bray-Curtis index 
varies between 0 and 1, implying that there is no difference in species between 
samples (0) and the species are different between samples (1). The β-diversity index 
was similar between the samples collected from the same GIT compartment. 
However, the ileal digesta and feces differed in the β-diversity index, implying that 
gut microbial compositions in the distal colon are different from that of the distal 
ileum of pigs regardless of dietary levels of CPCC. The results of this current study 
was in agreement with the results from the study of Holman et al. (2017), who 
reported differences with regard to the composition of the pig gut microbiota between 
the ileum and colon of pigs, indicating that the gut microbial community of pigs is 
mainly dependent on sampling location (different regions) of the GIT of pigs. 
Dietary inclusion of CPCC resulted in microbial composition shifts in the ileal 
digesta and feces of pigs (Table 6.2). Three dominant phyla found in the ileal digesta 
and feces of pigs fed dietary CPCC include Firmicutes, Proteobacteria, and 
Bacteriodetes. Firmicutes predominated in both ileal digesta and feces of pigs (95.09 
± 7.16% and 84.88 ± 9.26%, respectively) regardless of dietary level of CPCC at the 
phylum-level. Proteobacteria were more abundant in ileal digesta than in feces of 
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pigs (4.22 ± 7.38% and 0.60 ± 0.68%, respectively), whereas Bacteriodetes were 
more abundant in feces than in ileal digesta of pigs (12.61 ± 9.05% and 0.04 ± 0.07%, 
respectively). Dietary CPCC tended to linearly reduce (P = 0.086) the relative 
abundance of Bacteriodetes in feces; quadratically increased (P = 0.048) the relative 
abundance of Firmicutes in feces of pigs. Among Firmicutes, predominant family 
members in illeal digesta were Clostridiaceae, Lactobacillaceae, and 
Streptococcaceae, whereas Ruminococcaceae and Lachnospiraceae were 
predominant in feces (Table 6.3). Among Bacteriodetes, predominant family 
members in feces were Prevotellaceae, whereas Enterobacteriaceae were 
predominant in ileal digesta of pigs fed dietary CPCC. The increase in the relative 
abundance of Firmicutes in the feces of pigs due to dietary inclusion of CPCC are in 
agreement with the results reported by Mejicanos et al. (2017), who observed 
increased relative abundance of Firmicutes especially Lactobacillus and Clostridium 
Custer IV including Clostridium, Eubacterium, Ruminococcus and Anaerofilum 
genera in the feces of nursery pigs due to dietary inclusion of canola meal at 20%. 
Also, Velayudhan et al. (2018) reported an increased relative abundance of Firmicutes 
including Lactobacillus and Enterococcus in the feces of gestating sows due to an 
increase in the level of total glucosinolates from 0 to 2.73 µmol/g through dietary 
inclusion of canola meal. The results of this study and the results from the studies of 
Mejicanos et al. (2017) and Velayudhan et al. (2018) imply that dietary glucosinolates 
present in canola meal can increase the relative abundance of lactic acid-producing 
bacteria in the feces of pigs. The greater abundance of Firmicutes in the feces of pigs 
due to dietary glucosinolates can be attributed to increased microbial fermentation of 
dietary glucosinolates, leading to increased proliferation of commensal bacteria in the 
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hindgut of pigs. Aljuobori et al. (2014) reported reduced total glucosinolate content 
from 22.0 to 13.6 µmol/g and reduced medium pH from 5.6 to 4.0 due to increased 
fermentation of dietary glucosinolates in canola meal by Lactobacillus salivarius, 
implying that dietary inclusion of canola meal increases the availability of 
fermentable substrates (glucosinolates) for gut microbiota of pigs. 
Lactobacillus salivarius was shown to ferment glucose, leading to increased 
production of lactic acid and VFA, which in turn lowers the pH (Almstahl et al, 
2013). Thus, dietary glucosinolates can be potentially included to swine diets to 
promote the growth and development of commensal bacteria in the hindgut of pigs. 
Dietary inclusion of CPCC increased the relative abundance of Firmicutes and 
decreased the abundance of Bacteriodetes in feces of pigs, implying that dietary 
CPCC increased Firmicutes to Bacteriodetes ratio of pigs. A strong correlation 
between gut microbiota and obesity has been reported in human microbiome. For 
instance, Ley et al. (2006) reported an increased abundance of Firmicutes and reduced 
abundance of Bacteroides in obese subjects, whereas weight loss reduced Firmicutes 
to Bacteriodetes ratio. In the same study, an increase in Firmicutes to Bacteriodetes 
ratio was also reported in obese mice, implying that the increased abundance of 
Firmicutes may be correlated with BW gain and the increased abundance of 
Bacteriodetes may be correlated with weight loss. Thus, the increased abundance of 
Firmicutes and reduced abundance of Bacteriodetes can partly affect BW gain via its 
effects on gut microbial composition because the BW gain is dependent to some 
extent on the Firmicutes to Bacteriodetes ratio.  
In conclusion, increasing dietary CPCC inclusion resulted in an increased 
abundance of Firmicutes and decreased the abundance of Bacteriodetes in feces of 
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pigs. Also, dietary CPCC reduced the colon weight relative to live BW of pigs, 
implying dietary CPCC reduced energy expenditure in the colon of pigs.   
 
 
 
99 
Table 6.1. Gastrointestinal tract weight (% of live BW) of pigs fed diets containing cold-pressed canola cake1 
Item 
Cold-pressed canola cake, %  P-value 
0 20 30 40 SEM Linear Quadratic 
Gastrointestinal tract weight, % of live BW  
Small intestine 5.24 5.43 5.72 5.29 0.213 0.529 0.253 
Large intestine 1.90 1.63 1.74 1.58 0.112 0.075 0.719 
Cecum 0.26 0.27 0.26 0.24 0.019 0.543 0.263 
1Data are means of 10 pigs per treatment. 
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Table 6.2. Relative abundance of phyla (% of total reads) in ileal digesta and feces of pigs fed cold-pressed canola cake1 
Item 
Cold-pressed canola cake, %  P-value 
0 20 30 40 SEM Linear Quadratic 
Ileal digesta 
Bacteriodetes 0.01 0.06 0.01 0.02 0.027 0.876 0.241 
Firmicutes 97.41 97.83 95.82 95.73 2.972 0.590 0.803 
Proteobacteria 1.96 7.94 3.22 3.76 3.917 0.825 0.423 
Feces 
Bacteriodetes 15.42 19.27 9.01 6.71 4.153 0.086 0.564 
Firmicutes 82.78 77.99 88.57 90.15 4.360 0.097 0.048 
Proteobacteria 0.44 1.05 0.30 0.61 0.344 0.961 0.481 
1Data are means of 4 pigs per treatment. 
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Table 6.3. Relative abundance of family members (% of total reads) in ileal digesta and feces of pigs fed cold-pressed canola cake1 
Item 
Cold-pressed canola cake, %  P-value 
0 20 30 40 SEM Linear Quadratic 
Ileal digesta 
Clostridiaceae 34.16 60.19 42.85 67.58 13.26 0.167 0.957 
Enterobacteriaceae 1.73 7.39 2.93 3.63 3.949 0.814 0.466 
Lachnospiraceae 0.91 1.29 0.35 0.53 0.440 0.381 0.540 
Lactobacillaceae 28.93 8.60 40.69 8.53 11.75 0.542 0.855 
Prevotellaceae 0.01 0.04 0.04 0.01 0.020 0.735 0.196 
Ruminococcaceae 0.37 0.56 0.13 0.21 0.190 0.376 0.485 
Streptococcaceae 30.82 11.26 3.42 6.74 9.770 0.068 0.436 
Feces 
Clostridiaceae 14.02 11.12 13.22 10.50 4.313 0.644 0.973 
Enterobacteriaceae 0.04 0.01 0.09 0.29 0.089 0.101 0.131 
Lachnospiraceae 16.07 15.05 13.04 16.11 1.801 0.720 0.375 
Lactobacillaceae 9.13 12.93 18.05 9.45 3.536 0.558 0.171 
Prevotellaceae 7.53 10.45 5.84 9.17 3.235 0.930 0.899 
Ruminococcaceae 19.05 16.89 13.18 16.30 1.726 0.115 0.336 
Streptococcaceae 3.58 4.41 8.65 6.35 2.032 0.185 0.771 
1Data are means of 4 pigs per treatment. 
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Figure 6.1 Microbiome diversity of bacterial population in ileum digesta and 
fecal samples obtained from pigs fed 4 different diets. The beta-diversity of the 
bacterial community between samples was measured using Bray-Curtis index. The 
Bray-Curtis index vary between 0 and 1, 0 means no difference in species between 
samples and 1 means all the species are different between samples. The beta-diversity 
was similar between samples from the same gastrointestinal tract compartment, but 
differed between ileum and fecal samples. The dietary treatments did not influence 
the beta diversity between the animals. 
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CHAPTER SEVEN 
Cecal and colonic digesta pH of nursery pigs fed diets containing increasing levels of 
resistant starch 
 
7.1 ABSTRACT: A pilot study was conducted to determine the effect of increasing 
levels of high-amylose cornstarch (HA-starch) in diets for nursery pigs on cecal and 
colonic digesta pH. A total of 18 pigs (initial body weight [BW]: 6.3 ± 0.7 kg), which 
had been weaned at 21 d of age were housed in 6 pens (3 pigs/pen) and fed 3 diets (2 
pens/diet) in a randomized complete block design for 8 d. Three experimental diets 
were corn-soybean meal-based basal diet without or with HA-starch at 20 or 40%. 
The diets were formulated to meet NRC (2012) nutrient recommendations for nursery 
pigs weighing between 7 and 11 kg and to have the same net energy, standardized 
ileal digestible amino acid, and digestible P contents. Increasing dietary inclusion of 
HA-starch was achieved by a partial or complete replacement of corn and soybean oil. 
Growth performance was determined at the conclusion of the experiment. On day 8, 
pigs were euthanized by captive bolt penetration followed by exsanguination to 
determine the pH of cecal and colonic digesta. Increasing dietary levels of HA-starch 
from 0 to 40% quadratically reduced (P < 0.05) overall (d 0 to 8) average daily gain 
and average daily feed intake (0.234 to 0.219 kg/d and 0.317 to 0.298 kg/d, 
respectively). An increase in dietary levels of HA-starch from 0 to 40% resulted in a 
linear reduction (P < 0.05) in cecum pH by 0.02, proximal colon pH by 0.02, mid 
colon pH by 0.03, and distal colon pH by 0.03 for each 1% increase in HA-starch at 8 
d of age. In conclusion, increasing dietary inclusion of HA-starch from 0 to 40% 
reduced growth performance; cecal and colonic digesta pH of nursery pigs, implying 
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that dietary HA-starch fed in this study can be potentially included in diets for nursery 
pigs to reduce hindgut pH. 
 
Key words: high-amylose cornstarch, hindgut pH, nursery pigs 
 
7.2 INTRODUCTION 
Resistant starch is a fraction of starch that escapes enzymatic digestion in the 
small intestine of pigs and enters the large intestine to be fermented by gut microbes 
(Birt et al., 2013). Resistant starch is poorly digested in the upper gut but highly 
fermented in the hindgut of pigs. Carbohydrate fermentation produces volatile fatty 
acids (VFA), which, in turn, reduces the hindgut pH of pigs (Bird et al., 2007), 
implying that resistant starch can be potentially included in diets for pigs to reduce 
hindgut pH. For instance, Fouhse et al. (2015) reported lower apparent ileal 
digestibility of high-amylose cornstarch (HA-starch) than that of starch with high 
amylopectin in nursery pigs (78.4 vs. 97.5%, respectively). Regmi et al. (2011) 
reported reduced net portal appearance of glucose but increased net portal appearance 
of total VFA in pigs due to dietary inclusion of HA-starch, implying that dietary HA-
starch has a high content of resistant starch that increases the production of VFA in 
the hindgut, leading to reduced hindgut pH of pigs. Thus, it was hypothesized that 
dietary inclusion of HA-starch can reduce the cecal and colonic pH of pigs. However, 
its actual effects on the digesta pH of nursery pigs and its optimal level in diets for 
nursery pigs with regard to a reduction of digesta pH need to be established. Thus, the 
objective of this pilot study was to determine the effect of increasing levels of HA-
starch in diets for nursery pigs on cecal and colonic digesta pH. 
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7.3 MATERIALS AND METHODS 
A total of 18 pigs (initial body weight [BW]: 6.3 ± 0.7 kg; Large White-
Landrace female [line 42] × Duroc male [line 280]; Pig Improvement Company) that 
had been weaned at 21 d of age were obtained from Swine Education and Research 
Facility, South Dakota State University (Brookings, SD). Three experimental diets 
were corn-soybean meal-based basal diet without or with HA-starch at 20 or 40%. 
The 3 experimental diets were allotted to 6 pens with 3 pigs per pen in a randomized 
complete block design for 8 d. Pig weights and feed intake were determined at the 
conclusion of the study to calculate average daily gain (ADG), average daily feed 
intake (ADFI), and gain-to-feed ratio. Pigs were euthanized by captive bolt 
penetration, followed by exsanguination to determine the pH of cecal and colonic 
digesta at the termination of the study. The entire gastrointestinal tract (GIT) was 
isolated from the euthanized pigs. The colon was divided into 3 equal sections; 
proximal, middle, distal sections. The digesta contents of the cecum; proximal, mid 
and distal colon of each euthanized pig were collected to determine hindgut digesta 
pH. Digesta pH was determined immediately using a pH meter (AE 150; Fisher 
Scientific, Pittsburgh, PA). 
Data were analyzed using the MIXED procedure of SAS (ver. 9.3, SAS 
Institute Inc., Cary, NC) in a randomized complete block design with pig as the 
experimental unit. The model included treatment as the fixed effect and block as the 
random effect. Orthogonal polynomial contrasts were used for equally spaced levels 
to determine linear and quadratic effects of increasing inclusion of HA-starch in 
nursery diets. To test the hypotheses, P < 0.05 was considered significant. If pertinent, 
trends (0.05 ≤ P < 0.10) are also reported. 
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7.4 RESULTS AND DISCUSSION 
An increase in dietary levels of HA-starch from 0 to 40% tended to increase 
(P = 0.077) BW of nursery pigs at d 8 such that increasing dietary inclusion of HA-
starch from 0 to 20% tended to quadratically increase (P < 0.10) final BW of pigs, but 
a further increase in the level of HA-starch to 40% did not affect the final BW of pigs 
at d 8 (Table 7.2). Increasing dietary level of HA-starch from 0 to 40% quadratically 
reduced (P < 0.05)  overall ADG of nursery pigs such that the ADG of pigs increased 
(P < 0.05) when dietary HA-starch was increased from 0 to 20%, and then decreased 
(P < 0.05) when dietary HA-starch was further increased to 40%. The reduction in the 
ADG of pigs due to increasing dietary inclusion of HA-starch from 0 to 40% can be 
explained by a reduction in energetic efficiency of utilization of starch, ileal 
digestibility of nutrients other than starch, and voluntary feed intake of pigs. As 
previously mentioned, resistant starch is poorly digested in the small intestine, but 
highly fermented in the hindgut of pigs. For instance, Fouhse et al. (2015) reported 
that ileal starch digestibility for HA-starch was lower than that for high-amylopectin 
cornstarch in nursery pigs (78.4 vs. 97.5%, respectively). Dietary inclusion of HA-
starch resulted in the reduced net portal appearance of glucose, but increased the net 
portal appearance of total VFA in pigs (Regmi et al., 2011), implying that dietary HA-
starch can escape enzymatic digestion in the small intestine, leading to increased 
production of VFA in the hindgut of pigs. Energy that is produced from VFA is lower 
than from glucose by pigs (Jørgensen et al., 1997). Thus, dietary inclusion of HA-
starch reduces the energetic efficiency of starch utilization by pigs. Also, dietary HA-
starch reduces nutrient digestibility other than starch. For instance, dietary inclusion 
of HA-starch resulted in reduced ileal digestibility of CP, fat, and energy in weaning 
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pigs (De Schrijver et al., 1999). In addition, dietary inclusion of HA-starch reduces 
the voluntary feed intake of pigs (Li et al., 2007). Thus, the reduction in the ADG of 
pigs due to dietary HA-starch could be attributed to the reduced energetic efficiency 
of starch utilization, reduced ileal digestibility of nutrients, and reduced voluntary 
feed intake of pigs. The reduction in the ADG of nursery pigs due to dietary inclusion 
of HA-starch is in agreement with the results from the studies of Bird et al. (2007) and 
Li et al. (2007), who observed reduced ADG of pigs due to dietary inclusion of HA-
starch.  
An increase in the dietary level of HA-starch from 0 to 40% resulted in a 
quadratic reduction (P < 0.05) in overall ADFI of nursery pigs such that an increase in 
the dietary level of HA-starch from 0 to 20% did not affect voluntary feed intake of 
pigs, but a further increase in the dietary level of HA-starch to 40% decreased (P < 
0.05) the ADFI of pigs. The reduced ADFI of pigs due to increasing dietary inclusion 
of HA-starch from 0 to 40% could have been due to increased absorption of feed-
inhibiting hormones in the GIT that are synthesized by increased VFA production in 
the hindgut of pigs fed dietary HA-starch. Dietary inclusion of HA-starch resulted in 
increased production of VFA-induced glucagon-like peptide-1 (food intake-inhibiting 
incretin), leading to a reduction in voluntary feed intake of pigs (Regmi et al., 2011). 
Oral administration of VFA stimulated the production of leptin (hunger-inhibiting 
hormone) in adipocytes in mice (Xiong et al., 2004). Barb et al. (1998) reported a 
reduction in voluntary feed intake of gilts due to the injection of 100 µg of porcine 
leptin, implying that dietary HA-starch increases the production of VFA that 
stimulates leptin synthesis, leading to a reduction in voluntary feed intake of pigs. 
Thus, the reduction in the ADFI of pigs due to dietary HA-starch could have been due 
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to the increased glucagon-like peptide-1 and leptin secretions in response to increased 
VFA production in pigs due to dietary HA-starch. The reduction in the ADFI of pigs 
due to dietary HA-starch is similar to the result reported by Fouhse et al. (2015), who 
reported increased cecal and colonic VFA production and reduced voluntary feed 
intake of nursery pigs due to dietary inclusion of HA-starch. 
Increasing dietary levels of HA-starch from 0 to 40% resulted in a linear 
reduction (P < 0.05) in cecal pH and proximal, mid, and distal colonic pH of nursery 
pigs (Table 7.3). The reduction in the hindgut pH due to increasing dietary inclusion 
of HA-starch from 0 to 40% could have been due to increased production of organic 
acids due to carbohydrate fermentation in the hindgut of pigs. Amylose is resistant to 
enzymatic digestion in the small intestine (Sajilata et al., 2006), leading to limited 
accessibility of a-amylase to amylose and increased availability of fermentable 
substrates for microbes in the hindgut of pigs. Fermentation of carbohydrates by gut 
microbes results in the production of VFA and lactic acid (Fouhse and Zijlstra, 2017). 
Thus, the reduction in cecal and colonic digesta pH of pigs due to dietary inclusion of 
HA-starch could be explained by the increased production of organic acids as a result 
of increased microbial fermentation of resistant starch in the hindgut of pigs. The 
reduction in cecal and colonic digesta pH of pigs due to dietary HA-starch is in 
agreement with the results from the studies of Bird et al. (2007) and Fouhse et al. 
(2015), who reported lower cecal and colonic digesta pH of pigs fed HA-starch-
containing diets than those of pigs fed HA-starch-free diets.  
In conclusion, an increase in the dietary levels of HA-starch from 0 to 40% 
resulted in reduced growth performance; cecal and colonic digesta pH of nursery pigs, 
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implying that dietary HA-starch fed in this study can be potentially included in swine 
diets to reduce hindgut pH of nursery pigs.  
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Table 7.1. Ingredient composition of experimental diets (as-fed basis)1 
Item 
HA-starch2, % 
0 20 40 
Ingredient, % 
Corn  60.73 37.70 11.63 
Soybean meal  21.10 22.16 24.46 
HA-starch - 20.00 40.00 
Soy protein3, 56% CP 10.00 13.00 15.00 
Soybean hulls - 1.47 5.00 
Soybean oil 3.87 1.55 - 
Limestone  1.28 1.23 1.14 
Monocalcium phosphate  1.24 1.26 1.29 
Salt 0.81 0.81 0.81 
L-Lysine HCl 0.49 0.39 0.28 
L-Threonine 0.13 0.10 0.07 
DL-Methionine 0.11 0.11 0.12 
L-Tryptophan 0.04 0.02 - 
Vitamin premix4 0.05 0.05 0.05 
Mineral premix5 0.15 0.15 0.15 
1The experimental diets were fed in 2 phases; Phase 1 from d 1 to 14 and Phase 2 
from d 14 to 28.  
2HA-starch = high-amylose cornstarch. HA-starch (Hylon VIITM; 70% amylose) 
was obtained from Ingredion Incorporated (Westchester, IL). 
3Soy protein was a hydrolyzed soy protein product (HP 300) from Hamlet Protein 
(Horsens, Denmark). 
4Provided the following per kilogram of diet: 2226 IU vitamin A, 340 IU vitamin 
D3, 11.3 IU vitamin E, 0.01 mg vitamin B12, 0.91 mg menadione, 2.04 mg riboflavin, 
12.5 mg pantothenic acid, 11.3 mg niacin, 0.23 mg folic acid, 0.68 mg pyridoxine, 
0.68 mg thiamine, and 0.04 mg biotin. 
5Provided the following per kilogram of diet: 75 mg Zn as ZnSO4, 75 mg Fe as 
FeSO4; 7 mg Cu as CuSO4, and 20 mg Mn as MnSO4. 
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Table 7.2. Growth performance of nursery pigs fed increasing levels of HA-starch1  
Item2 
HA-starch3, % 
SEM 
P-value 
0 20 40 Diet Linear Quadratic 
BW, kg 
d 0 6.2 6.3 6.5 0.298 0.685 0.398 0.893 
d 8 8.0 9.3 8.3 0.470 0.189 0.712 0.077 
ADG, kg        
d 0-8 0.234 0.369 0.219 0.038 0.024 0.787 0.007 
ADFI, kg 
d 0-8 0.317 0.401 0.298 0.029 0.051 0.639 0.018 
G:F 
d 0-8 0.749 0.918 0.729 0.106 0.404 0.898 0.187 
1Data are means of 2 pens of pigs with 3 pigs per pen. 
2ADG = average daily gain; ADFI = average daily feed intake; and G:F = gain to feed ratio. 
3HA-starch = high-amylose cornstarch. HA-starch (Hylon VIITM; 70% amylose) was obtained from Ingredion Incorporated 
(Westchester, IL). 
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Table 7.3. Cecal and colonic pH of nursery pigs fed increasing levels of HA-starch1 
Item 
HA-starch3, % 
SEM 
P-value 
0 20 40 Diet Linear Quadratic 
Cecum 6.07a 5.24b 5.37b 0.072 <0.001 <0.001 <0.001 
Colon 
Proximal 6.09a 5.41b 5.25b 0.088 <0.001 <0.001 0.032 
Mid 6.28a 5.47b 5.20b 0.110 <0.001 <0.001 0.062 
Distal 6.48a 5.88b 5.29c 0.112 <0.001 <0.001 0.981 
Mean2 6.28a 5.59b 5.25c 0.091 <0.001 <0.001 0.131 
1Data are means of 2 pens of pigs with 3 pigs per pen. 
2Mean = average digesta pH for the entire colon. 
3HA-starch = high-amylose cornstarch. HA-starch (Hylon VIITM; 70% amylose) was obtained from Ingredion Incorporated 
(Westchester, IL). 
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CHAPTER EIGHT 
Toxicity of canola-derived glucosinolates in pigs fed resistant starch-based diets 
 
8.1 ABSTRACT: A study was conducted to determine the effects of reducing hindgut 
pH through dietary inclusion of high-amylose cornstarch (HA-starch) on growth 
performance, organ weights relative to live body weight (BW), blood thyroid 
hormone levels, and glucosinolate degradation products of nursery pigs fed cold-
pressed canola cake (CPCC). A total of 240 pigs (initial BW: 7.1 kg), which had been 
weaned at 21 d of age, were housed in 40 pens (6 pigs/pen) and fed 4 diets (10 
pens/diet) in a randomized complete block design for 28 d. Four diets were a basal 
diet with CPCC at 0 or 40%, and with HA-starch at 0 or 40% in a 2 × 2 factorial 
arrangement. The diets were fed in 2 phases, Phase 1 from d 0 to 14 and Phase 2 from 
d 14 to 28; and were formulated to have the same net energy, standardized ileal 
digestible amino acids, Ca and standardized total tract digestible P contents. Dietary 
inclusion of CPCC and HA-starch was achieved by a partial or complete replacement 
of corn, soybean meal and soy protein. At the end of the study, 1 pig from each pen 
was euthanized to determine organ weights, blood parameters, hindgut pH, volatile 
fatty acid (VFA) concentrations and glucosinolate degradation products. Dietary 
CPCC reduced (P < 0.05) overall average daily gain (ADG) by 15%; increased (P < 
0.05) relative weights of liver and thyroid gland by 27 and 64%, respectively; and 
reduced (P < 0.05) serum tetraiodothyronine (T4) level from 30.3 to 17.8 ng/mL. 
Heart, kidney, and gastrointestinal tract weights; serum triiodothyronine level; and 
hindgut pH of pigs were unaffected by dietary CPCC. Dietary HA-starch reduced (P 
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< 0.05) overall ADG, the relative weight of thyroid gland, cecal and colonic pH; but 
increased (P < 0.05) relative weight of colon and cecal VFA concentrations; tended to 
increase (P = 0.062) serum T4 level. Dietary CPCC and HA-starch interacted (P = 
0.024) on the relative weight of thyroid gland such that dietary CPCC increased (P < 
0.05) weight of thyroid gland for HA-starch-free diet (120 vs. 197 mg/kg of BW), but 
not for HA-starch-containing diet (104 vs. 130 mg/kg of BW). Dietary CPCC and 
HA-starch interacted (P = 0.001) on cecal isothiocyanate content such that dietary 
CPCC increased (P < 0.05) level of isothiocyanates for fed HA-starch-containing 
diet, but not for HA-starch-free diet. In conclusion, dietary CPCC reduced growth 
performance, increased the liver size and interfered with thyroid gland functions of 
pigs. However, the negative effects of dietary CPCC on thyroid gland functions of 
nursery pigs were alleviated by dietary HA-starch.   
 
Key words: cold-pressed canola cake, nursery pigs, organ weights, resistant starch, 
thyroid hormones  
 
8.2 INTRODUCTION 
Inclusion of canola co-products in diets for pigs is limited by glucosinolate 
degradation products, which interfere with thyroid gland, liver and kidney functions of 
pigs (Bell, 1993). The 2 major glucosinolates present in canola co-products are 
progoitrin (aliphatic) and glucobrassicin (indolic; Slominski et al., 2012; Lee and 
Woyengo, 2018). Glucosinolates can be hydrolyzed by dietary myrosinases or 
myrosinases that are produced by gastrointestinal microorganisms (Fahey et al., 2001). 
Notably, most of the dietary myrosinase are inactivated by heat during cooking, 
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pressing and toasting of canola seeds during oil extraction (McCurdy, 1992), implying 
that microorganisms that reside in the hindgut of pigs are the major source of 
myrosinase that degrades glucosinolates into various metabolites.    
Progoitrin is degraded into isothiocyanates via a Lossen rearrangement and then 
into goitrin at neutral pH (pH 6 to 7), and into nitriles at acidic pH (pH ≤ 5.5; Galletti et 
al., 2001; Bernardi et al., 2003; Matusheski et al., 2006). Glucobrassicin is degraded 
into isothiocyanates and then into indole-3-carbinols by the release of thiocyanate at 
neutral pH (pH 6 to 7), and into indole-3-acetonitriles at acidic pH (4 to 5.6; Chevolleau 
et al., 1997; Agerbirk et al., 1998). Thus, the composition of glucosinolate degradation 
products is dependent on parent glucosinolate type and pH conditions. Nitriles are toxic 
when they are consumed in large amounts, and thus their large consumption leads to the 
upregulation of metabolic activity in the liver and kidney as these organs are involved 
in their detoxification (Matusheski and Jeffery, 2001). An increase in metabolic activity 
in visceral organs results in their increased utilization of dietary nutrients at the expense 
of skeletal tissue deposition (Nyachoti et al., 2000). Nitriles are beneficial when they 
are consumed in small quantities because they increase the activity of hepatic 
antioxidant enzymes, which reduce oxidative stress (Tanii et al., 2008). Goitrin and 
thiocyanate interfere with thyroid functions of pigs and have to be detoxified by the 
liver and kidneys (Felker et al., 2016). Thus, it is apparent that the negative effects of 
goitrin and thiocyanate on performance and health of pigs are greater than those of 
nitriles, and that the toxicity of glucosinolates in pigs can be reduced by a reduction of 
hindgut pH.   
Resistant starch, which is starch that escapes enzymatic digestion in the small 
intestine, is highly fermented in the hindgut of pigs (Birt et al., 2013); thus, dietary 
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resistant starch reduces hindgut pH. Amylose is a more resistant starch than 
amylopectin (Fouhse et al., 2015). In our study (unpublished data), the inclusion of 40% 
high-amylose cornstarch (HA-starch) in corn-soybean meal (SBM)-based diet for 
nursery pigs reduced cecal digesta pH from 6.07 to 5.37. Thus, we hypothesized that 
the inclusion of HA-starch in canola co-products-based diets for pigs can reduce 
hindgut pH, leading to increased degradation of glucosinolates into less toxic, but more 
health-promoting metabolites. However, there is limited information on the effects of 
including HA-starch in canola co-products-based diets for pigs on glucosinolates-
induced toxicity. The objective of this study was to determine the effects of reducing 
cecal and colonic pH through dietary inclusion of HA-starch on growth performance, 
liver and thyroid gland weights, blood thyroid hormone levels, and glucosinolate 
degradation products in the hindgut of nursery pigs fed cold-pressed canola cake 
(CPCC)-based diet. 
8.3 MATERIALS AND METHODS 
The experimental animal procedures were reviewed and approved by the 
Institutional Animal Care and Use Committee at South Dakota State University (#18-
076E). 
8.3.1 Animals and Housing 
A total of 240 pigs (initial body weight [BW] of 7.1 ± 1.2 kg; Large White-
Landrace female [line 42] × Duroc male [line 280]; Pig Improvement Company), 
which had been weaned at 21 d of age were obtained from Swine Education and 
Research Facility, South Dakota State University (Brookings, SD). Pigs were fed 
commercial starter diets during the first 7 d post-weaning. Pigs were then individually 
weighed and group-housed in 40 pens (6 pigs/pen). Pens (1.8 × 2.4 m) had fully 
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slated-concrete floors, metal spindle walls (1.0 m high), and solid polyvinyl chloride 
gates. Each pen was equipped with a cup drinker, a double-space dry feeder, and a 
heat lamp. Room temperature was maintained at 24 ± 1°C during the first week. 
Thereafter, the room temperature was maintained at 23 ± 2°C throughout the 
experiment.   
8.3.2 Experimental Diets  
Four experimental diets were a basal diet with CPCC at 0 or 40% and with 
HA-starch at 0 or 40% in a 2 × 2 factorial arrangement (Table 8.1). Dietary CPCC fed 
in the current study was derived from Brassica napus seed, and was sourced from 
Dakota Lakes Field Station (Pierre, SD) in one lot, and had been produced by 
pressing the canola seed at less than 50 ºC (barrel temperature) for 2 min using a 
screw press expeller (Model KEK-P0020, Remscheid, Germany). The CPCC was 
delivered to South Dakota State University within 7 d after its production. The HA-
starch fed in the current study was Hylon VIITM, which contains 70% amylose, and 
was obtained from Ingredion Incorporated (Westchester, IL). The experimental diets 
were formulated to: (1) have similar net energy (NE), crude protein (CP), Ca, 
standardized total tract digestible P, and standardized ileal digestible Lys, Met, Thr, 
and Trp contents; and (2) meet or exceed NRC (2012) nutrient recommendations for 
nursery pigs. The experimental diets were fed as mash and in 2 phases; Phase 1 for 
the first 14 d, and Phase 2 for the last 14 d.  
8.3.3 Experimental Design and Procedure 
The 4 experimental diets were allotted to 40 pens with 6 pigs per pen in a 
randomized complete block design (10 pens per diet). Diets and fresh water were 
offered to pigs ad libitum during the entire period. Pig weights and feed intake were 
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determined by phase to calculate average daily gain (ADG), average daily feed intake 
(ADFI), and gain-to-feed ratio (G:F). At the conclusion of the study, 1 pig from each 
pen (8 pigs/diet) with BW that was close to the pen average BW was selected, and 
then euthanized by captive bolt penetration, followed by exsanguination. During 
exsanguination, 10 mL of blood samples was collected from each pig into 2 sets of 
vacutainer serum tubes (BD Vacutainer, Plymouth, UK; 6 mL/tube) and immediately 
stored on ice. The collected blood samples were centrifuged at 2,000 × g for 10 min at 
4°C (~30 min after their collection) to recover serum, which were stored frozen at -
20 °C for latter determination of serum triiodothyronine (T3) and tetraiodothyronine 
(T4) concentrations. After euthanasia, visceral organs including heart, kidneys, liver, 
and thyroid gland were isolated from each pig, blot dried and weighed. The small 
intestine, cecum, and colon of the euthanized pigs were also isolated. The colon was 
divided into 3 equal sections; proximal, middle, distal sections. The digesta contents 
of the cecum; and proximal, mid and distal colon of each euthanized pig were 
collected and immediately divided into 3 equal portions; one portion for determining 
VFA concentrations, another portion for determining glucosinolate degradation 
metabolites, and last portion for determining hindgut digesta pH. Digesta pH was 
determined immediately using a pH meter (AE 150; Fisher Scientific, Pittsburgh, 
PA). Digesta samples for determining concentrations of VFA and glucosinolate 
degradation metabolites were snap-frozen using liquid nitrogen and stored -80 ºC. 
After the collection of the digesta samples, the small intestine, cecum, and colon of 
pigs were emptied, blot-dried and weighed to determine their empty weights. 
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8.3.4 Sample Preparation and Analyses 
The CPCC and experimental diets were ground to pass through a 1.00-mm 
screen using a Wiley mill (Thomas-Wiley Laboratory Mill Model 4, Thomas 
Scientific, NJ). The ground CPCC and diet samples were analyzed for dry matter 
(DM), CP, ether extract (EE), ash, acid detergent fiber (ADF), and neutral detergent 
fiber (NDF). The samples were analyzed for DM by oven drying at 135°C for 2 hours 
(method 930.15), CP by a combustion procedure (method 990.03), EE (method 
2003.06), dry ash (method 942.05) as per AOAC (2007); and for ADF and NDF on a 
Ankom 200 Fiber Analyzer (Ankom Technology, Fairport, NY) according to Van 
Soest et al. (1991). Samples were analyzed for AA (method 982.30 E [a, b, and c]; 
AOAC, 2006) at the University of Missouri Experiment Station laboratories 
(Columbia, MO). Glucosinolate content was quantified by gas chromatography (POS 
Pilot Plant Corp., Saskatoon, SK, Canada) according to the method of Daun and 
McGregor (1981). Blood serum concentration of T3 was determined using an 
immunoassay analyzer (Immulite 1000, DPC, Los Angeles, CA), whereas blood 
serum concentration of T4 was determined using Clinical Chemistry Auto-Analyzer 
System (Vet Axcel Chemistry Analyzer, Alfa Wassermann Diagnostic Technologies, 
West Caldwell, NJ). Cecal digesta samples were thawed and centrifuged at 3,000 × g 
for 30 min at 4°C. The supernatant of the centrifuged samples was collected for VFA 
analysis as described by Erwin et al. (1961). Briefly, 0.8 ml of the supernatant was 
mixed with 0.2 ml of 25% phosphoric acid and 0.2 ml of internal standard solution 
(150 mg of 4-methyl-valeric acid, S381810; Sigma-Aldrich Corp., St. Louis, MO, 
USA) and vortexed for 1 min. The concentration of VFA (acetic, propionic, butyric, 
isobutyric, valeric, isovaleric and caproic acids) in the supernatant was determined by 
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gas chromatography (Trace 1310, Thermo Fischer Scientific, Waltham, MA, USA) 
with a Stabilwax-DA column (30-m x 0.25-mm i.d.; Restek, Bellefonte, PA, USA). A 
flame-ionization detector was used with an injector temperature of 170°C. 
8.3.5.Determination of Isothiocyanates Using High-Performance Liquid 
Chromatography 
Isothiocyanate concentrations in cecal digesta samples were determined by 
cyclocondensation reactions as described by Zhang et al. (1996) with some 
modifications. Briefly, 5 mL of cecal digesta samples were sonicated for 5 min. A 15 
mL of acetonitrile was added to the sonicated samples and vortexed for 2 min for 
protein precipitation. The acetonitrile-added samples were centrifuged at 4,000 rpm 
for 20 min at 4°C. After centrifugation, 10 mL of the supernatant layer of the samples, 
15 mL of 100 mM potassium phosphate buffer (pH 8.5), and 20 mL of acetonitrile 
with 1,2-benzenedithiol (4.0 mM final concentration) were mixed in 50-mL conical 
centrifuge tubes and vortexed for 2 min. The mixtures were incubated for 2 h at 65°C 
to convert all isothiocyanates in the samples into 1,3-benzodithiole-2-thione by 
cyclocondensation reactions. After incubation, the reaction mixtures were lyophilized 
for 48 h. One hundred milligrams of the lyophilized reaction mixtures were extracted 
using 2 mL of dichloromethane three times and evaporated by flushing with air. 
Following evaporation of the extracted reaction mixtures, 200 µL of acetonitrile were 
used to dissolve dry residues containing 1,3-benzodithiole-2-thione for HPLC 
injection. The chromatographic column (Apollo C18 column (250 mm × 4.6 mm i.d., 
5 m; Alltech, Deerfield, IL) was operated with mobile phases (solvent A: 30% 
distilled deionized water and solvent B: 70% acetonitrile) at a rate of 1 mL/min. The 
UV/vis spectra were determined at the detection wavelength of 365 nm to quantitate 
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the total amount of 1,3-benzodithiole-2-thione derivatives. The cyclic condensation 
product (1,3-benzodithiole-2-thione) was purchased from ALFA chemistry 
(Ronkonkoma, NY). 
8.3.6. Statistical Analysis 
Data were subjected to ANOVA using the MIXED procedure of SAS (ver. 
9.3, SAS Inst. Inc., Cary, NC) in a randomized complete block design with pen as the 
experimental unit. The model included dietary CPCC and HA-starch as the fixed 
factors and block as a random factor:    
	"#$% = µ	 +	 	)# 	+ 	*$ + 	()*)#$ + 	-% 	+	.#$%                         
where " is the dependent variable to be determined, µ is the overall mean, 	)# is 
the main effect of dietary CPCC (i = 1, 2), 	*$ is the main effect of dietary HA-starch 
(j = 1, 2), ()*)#$ is the interaction effect between dietary CPCC and HA-starch, 	-%  is 
the random block effect (k = 1, 2, 3, 4, 5), and .#$%  is the experimental error. Least 
squares means were determined for each independent variable. Treatment means were 
separated by the probability of difference when interactions between dietary CPCC 
and HA-starch were significant. To test the hypotheses, P < 0.05 was considered 
significant. If pertinent, trends (0.05 ≤ P < 0.10) are also reported. 
 
8.4 RESULTS 
Progoitrin (2-OH-3-butenyl) was the most abundant aliphatic glucosinolate, 
whereas and 4-hydroxyglucobrassicin (4-OH-3-CH3-indolyl) was the most abundant 
indolic glucosinolate present in dietary CPCC fed in the current study (Table 8.2). 
Data on growth performance of pigs are presented in Table 8.3. Dietary CPCC and 
HA-starch did not interact on pig BW. Dietary inclusion of CPCC tended to reduce (P 
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= 0.070) BW of pigs at d 14 of the study and reduced (P < 0.05) BW of pigs at d 28 
of the study. Dietary inclusion of HA-starch did not affect BW at d 14 of the study but 
tended to reduce (P = 0.058) BW of pigs at d 28 of the study. Inclusion of CPCC or 
HA-starch in diets reduced (P < 0.05) ADG of pigs for d 0 to 14, d 14 to 28, and for 
the entire study period (d 0 to 28). There was an interaction (P = 0.007) between 
dietary CPCC and HA-starch on the ADG of pigs for d 0 to 14 such that dietary 
inclusion of HA-starch resulted in a greater reduction (P < 0.05) in the ADG of pigs 
fed CPCC-containing diet than that of pigs fed CPCC-free diet. Dietary inclusion of 
CPCC reduced (P < 0.05) ADFI of pigs for d 0 to 14, d 14 to 28, and for the entire 
study period. Dietary inclusion of HA-starch did not affect ADFI of pigs for d 0 to 14 
but reduced (P < 0.05) ADFI of pigs for d 14 to 28 and for the entire study period. 
There was an interaction (P = 0.031) between dietary CPCC and HA-starch on ADFI 
of pigs for d 14 to 28 such that dietary HA-starch reduced the ADFI for pigs fed 
CPCC-containing diet, but not for CPCC-free diet. There was an interaction (P < 
0.05) between dietary CPCC and HA-starch on G:F for d 0 to 14 such that dietary 
HA-starch reduced (P < 0.05) G:F for pigs fed CPCC-containing diet, but not for 
CPCC-free diet. The G:F for d 14 to 28 and for the entire study was unaffected by 
dietary CPCC or HA-starch. There were no effects of dietary CPCC or HA-starch on 
heart and kidney weights relative to live BW of pigs (Table 8.4). However, the liver 
weight relative to live BW of pigs was increased (P < 0.05) by dietary inclusion of 
CPCC, but not of HA-starch. Dietary CPCC increased (P < 0.05) thyroid gland 
weight relative to live BW of pigs. However, dietary inclusion of HA-starch reduced 
(P < 0.05) thyroid gland weight relative to live BW of pigs. Dietary CPCC and HA-
starch interacted (P = 0.024) on the thyroid gland weight relative to live BW of pigs 
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such that dietary CPCC increased (P < 0.05) thyroid gland weight of pigs fed HA-
starch-free diet, but not of pigs fed HA-starch-containing diet. The small intestine and 
cecum weights relative to live BW of pigs were not affected by dietary CPCC or HA-
starch. Dietary CPCC did not also affect colon weight relative to live BW of pigs. 
However, inclusion of HA-starch in diets resulted in an increase (P < 0.05) in the 
colon weight relative to live BW of pigs. Dietary CPCC and HA-starch tended to 
interact (P = 0.091) on the colon weight relative to live BW of pigs such that the 
magnitude by which dietary HA-starch increased colon weight relative to live BW of 
pigs fed CPCC-free diet was greater than the magnitude by dietary HA-starch 
increased colon weight relative to live BW of pigs fed CPCC-containing diet. The 
serum T3 level of pigs was not affected by dietary CPCC or HA-starch. However, the 
serum T4 level of pigs fed CPCC-containing diets was lower (P = 0.016) than that of 
pigs fed CPCC-free diets. Dietary CPCC reduced (P < 0.05) serum T4 concentration 
of pigs fed HA-starch-free diet, but not of pigs fed HA-starch-containing diet. The pH 
of cecal and colonic digesta of pigs was not affected by dietary CPCC (Table 8.5). 
However, dietary HA-starch reduced (P < 0.05) pH of cecal and colonic digesta of 
pigs regardless of dietary levels of CPCC. Dietary CPCC and HA-starch interacted (P 
= 0.001) on the concentration of isothiocyanates in the cecum of pigs such that dietary 
CPCC increased (P < 0.05) concentration of isothiocyanates in cecal digesta of pigs 
fed HA-starch-containing diet, but not of pigs fed HA-starch-free diet. Nitriles were 
not detectable in the cecal digesta of pigs. Dietary CPCC unaffected total and 
individual VFA concentrations (except for butyrate) in the cecal digesta of pigs; cecal 
butyrate concentration of pigs was reduced (P < 0.05) by dietary inclusion of CPCC 
(Table 8.6). Dietary inclusion of HA-starch increased (P < 0.05) cecal total and 
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individual VFA concentrations (except for branched-chain fatty acids); tended to 
increase (P = 0.087) cecal branched-chain fatty acid concentration of pigs. Dietary 
CPCC and HA-starch interacted (P = 0.089) on cecal total VFA concentration such 
that dietary HA-starch increased (P < 0.05) concentration of total VFA concentration 
in the cecum of pigs fed CPCC-based diet or CPCC-free diet. There was an 
interaction (P = 0.093) between dietary CPCC and HA-starch on cecal butyrate 
concentration such that dietary HA-starch increased (P < 0.05) cecal butyrate 
concentration of pigs fed CPCC-containing diet or CPCC-free diet.   
 
8.5 DISCUSSION 
In the current study, dietary CPCC reduced the ADG of nursery pigs. The 
reasons for the reduction in the ADG of pigs due to dietary inclusion of canola co-
products such as CPCC were discussed in our previous study (Lee and Woyengo, 
2018); they included reduced ADFI, increased metabolic activities in the liver as 
evidenced by the increased liver size, and reduced production of thyroid hormones. 
The reduced feed intake of pigs due to dietary CPCC is attributed to the bitterness of 
dietary glucosinolates (Mailer et al., 2008). The increased liver size of pigs due to 
dietary CPCC is due to increased activity of hepatic detoxification enzymes as a result 
of an increase in the absorption of toxic glucosinolate degradation products from the 
gastrointestinal tract of pigs. The reduced thyroid hormone production due to dietary 
CPCC is attributed to impaired uptake of iodine by the thyroid gland by dietary 
glucosinolates. The magnitude of reduction in the ADG of pigs due to inclusion of 
CPCC in diets at 40% in the current study was lower than the magnitude that we (Lee 
and Woyengo, 2018) observed in our previous study when CPCC was included in the 
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diet at 40% (57 vs. 152 g). This lower magnitude of reduction in the ADG of pigs due 
to dietary inclusion of CPCC at 40% in the current study can be explained by the 
lower level of total glucosinolates in CPCC fed in the current study than in the study 
of Lee and Woyengo (2018; 11.1 vs. 14.9 µmol/g).  
Dietary inclusion of HA-starch resulted in a reduction in the ADG of nursery 
pigs. Dietary HA-starch fed in the current study had a greater content of amylose, and 
hence resistant starch content than conventional corn that it replaced in the HA-
starch-free diet. Resistant starch is poorly digested in the small intestine but highly 
fermented in the hindgut. For instance, Fouhse et al. (2015) reported lower apparent 
ileal digestibility of starch for HA-starch than that for high amylopectin-starch (78.4 
vs. 97.5%) in weanling pigs. Glucose is the end product of starch digestion by 
digestive enzymes in the small intestine, whereas VFA are the end products of starch 
fermentation in the gastrointestinal tract. Regmi et al. (2011) reported reduced 
appearance of glucose but increased appearance of total VFA in the portal vein of 
pigs due to replacement of conventional starch with  70% of HA-starch (63% 
amylose), confirming that HA-starch yields less glucose but VFA in the 
gastrointestinal tract of pigs. Glucose is a more efficient source of energy than VFA 
(Jørgensen et al., 1997). Also, the inclusion of resistant starch in diets for pigs can 
result in reduced digestibility of nutrients other than starch. For instance, De Schrijver 
et al. (1999) reported reduced ileal digestibility of CP, fat, and energy in weaning pigs 
due to dietary inclusion of HA-starch. In addition to reduced glucose yield; increased 
VFA yield, and reduced digestibility of nutrients, dietary HA-starch results in a 
reduction in voluntary feed intake of pigs as evidenced by the reduced ADFI by 
dietary inclusion of HA-starch in the current study. Thus, the reduced ADG of pigs 
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due to dietary HA-starch could be attributed to the reduction in energetic efficiency, 
ileal digestibility of nutrients, and voluntary feed intake of pigs. Fouhse et al. (2015) 
and Li et al. (2007) similarly reported a reduction in ADG of pigs due to dietary 
inclusion of HA-starch.  
Inclusion of HA-starch in diets resulted in a reduction in the ADFI of nursery 
pigs. The reduced ADFI of pigs due to dietary HA-starch can be attributable to 
increased gastrointestinal secretions of feed intake-inhibiting hormones as a result of 
increased VFA production in the hindgut. Production of VFA in the hindgut results in 
increased secretion of glucagon-like peptide-1 (food intake-regulating incretin) from 
L cells in the distal small intestine and colon (Moran and Dailey, 2011). Regmi et al. 
(2011) reported increased production of glucagon-like peptide-1 due to the inclusion 
of HA-starch that contained 63% amylose at 70% in the diet, implying that the 
increased VFA production due to dietary HA-starch results in increased secretion of 
glucagon-like peptide-1, leading to reduced voluntary feed intake of pigs. In the 
current study, dietary HA-starch reduced the hindgut pH of pigs, implying that it 
increased VFA production. In addition to glucagon-like peptide-1 hormone, increased 
production of VFA in the hindgut resulted in increased secretion of leptin (Xiong et 
al., 2004), which is a hunger-inhibiting hormone that is produced by white adipose 
cells and cells of the small intestine (Klok et al., 2007). Barb et al. (1998) reported 
reduced feed intake in gilts due to the injection of 100 µg of porcine leptin. Thus, the 
reduction in the ADFI of nursery pigs due to dietary HA-starch in the current study 
can be attributed to increased glucagon-like peptide-1 and leptin secretions in 
response to increased VFA production. Results of the current study are in agreement 
with the result from the study of Li et al. (2007), who reported reduced ADFI of 
 
 
 
127 
weanling pigs by 18% due to dietary inclusion of HA-starch. However, the reduction 
in the ADFI of pigs observed in the current study due to dietary HA-starch is contrary 
to the result by Fouhse et al. (2015), who reported unaffected ADFI of pigs due to 
dietary inclusion of 67% of rice and field pea starch that contained 20 and 28% 
amylose, respectively. Notably, dietary HA-starch used in the current study contained 
70% amylose and was included in the diets at 40%, implying that HA-starch-
containing diets fed in the current study contained more amylose (28 vs. 13.4 and 
18.8%, respectively) than those diets fed in the study of Fouhse et al. (2015). Thus, a 
reduction in the ADFI of pigs observed in the current study, but not in the study of 
Fouhse et al. (2015) could be explained by the differences in amylose content in diets 
and hence VFA production in the hindgut of pigs.  
Dietary HA-starch increased colon weight relative to live BW of pigs, which 
could be ascribed to increased production of VFA (including butyric acid) as a result 
of dietary inclusion of HA-starch. Kripke et al. (1989) reported increased colonic 
mucosal weight and crypt depth in the proximal colon of rats in rats due to infusion of 
butyric acid at 40 or 150 mM through colonic infusion catheter. Dietary raw potato 
starch (that has a high content of resistant starch) inhibited apoptosis and promoted 
proliferation of colonocytes of growing pigs (Claus et al., 2003), implying that butyric 
acid increases colon weight by preventing apoptosis and promoting proliferation of 
colonocytes. The increased colon weight of pigs observed in the current study is in 
agreement with the results from the studies of Martinez-Puig et al. (2003) and Bird et 
al. (2007), who reported an increase in colonic length and weight of growing pigs due 
to dietary inclusion of HA-starch. Dietary inclusion of HA-starch reduced hindgut 
digesta pH of nursery pigs, which could be attributed to increased production of 
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organic acids due to starch fermentation in the hindgut of pigs. Bird et al. (2007) and 
Fouhse et al. (2015) also reported reduced cecal and colonic digesta pH of pigs due to 
dietary inclusion of HA-starch.    
In the current study, it was hypothesized that dietary HA-starch results in 
reduced cecal and colonic pH of nursery pigs, leading to increased microbial 
myrosinase-induced degradation of glucosinolates into less toxic but more health-
promoting metabolites. Thus, the objective of this study was to determine the effects 
of the reduction of cecal and colonic digesta pH through dietary inclusion of HA-
starch on various indicators of glucosinolate toxicity in nursery pigs fed CPCC-based 
diet. Dietary inclusion of CPCC resulted in a greater reduction in the ADG of pigs fed 
HA-starch-containing diet (0.303 vs. 0.177 kg) than that of pigs fed HA-starch-free 
diet (0.307 vs. 0.264 kg). The greater reduction in the ADG of pigs fed CPCC-based 
diet due to dietary HA-starch can be explained by a combination of negative effects of 
dietary CPCC and HA-starch on growth performance. As previously noted, dietary 
CPCC reduces voluntary feed intake of pigs because it contains glucosinolates that 
are bitter, whereas dietary HA-starch can reduce voluntary feed intake of pigs by 
increasing the secretion of feed intake-inhibiting hormones. Also, dietary CPCC can 
increase metabolic activities in the liver and thyroid gland as evidenced by 
enlargement of these organs in pigs, leading to increased utilization of energy in these 
organs at the expense of growth, whereas dietary HA-starch can reduce nutrient 
digestibility.  
Dietary CPCC increased thyroid gland weight relative to live BW of pigs fed 
HA-starch-free diet, but not of pigs fed HA-starch-containing diet. Also, dietary 
CPCC reduced serum T4 level for HA-starch-free diet, but not for HA-starch-
 
 
 
129 
containing diet. The reduced thyroid hormone synthesis increases the release of 
thyroid-stimulating hormone by the pituitary, which increases metabolic activity in 
the thyroid gland, thereby resulting in the enlarged thyroid gland of pigs (Schöne et 
al., 1997b). Thus, the failure of dietary CPCC to increase the thyroid gland weight of 
pigs fed HA-starch-containing diet in the current study could be explained by the lack 
of effect of dietary CPCC on the serum T4 level for HA-starch-containing diet. The 
lack of the effect of dietary CPCC on the serum T4 concentration of pigs fed HA-
starch-containing diet could be attributed to decreased degradation of glucosinolates 
to goitrin and thiocyanate as evidenced by the increase in the degradation of 
glucosinolates to isothiocyanates in the cecum of pigs. As previously mentioned, 
progoitrin and glucobrassicin are the major glucosinolates found in canola co-
products. Goitrin and thiocyanate are the major goitrogenic degradation products that 
are respectively derived from progoitrin and glucobrassicin (Felker et al., 2016). 
Goitrin and thiocyanate interfere with thyroid hormone synthesis, leading to reduced 
blood concentration of T4 and enlargement of thyroid glands (Fahey et al., 2001; 
Bones and Rossiter, 2006). For instance, Kelley and Bjeldanes (1995) reported 
reduced serum T4 level of rats due to dietary goitrin supplementation at 200 mg/kg of 
diet. Also, Schöne et al. (1997a) reported reduced serum T4 concentration of growing 
pigs due to supplemental thiocyanate at 1,000 mg/kg of diet. During the production of 
goitrin and thiocyanate from progoitrin and glucobrassicin, the latter are first 
degraded into isothiocyanates, which are then converted to the former (Agerbirk et al., 
1998; Galletti et al., 2001). Thus, the increased accumulation of isothiocyanates 
implies their reduced conversion to goitrin and thiocyanate. However, in the current 
study, goitrin and thiocyanate concentrations in the cecal digesta of pigs fed CPCC-
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based diet due to dietary inclusion of HA-starch were not determined. Thus, further 
research is needed to determine the effect of dietary HA-starch on the production of 
goitrin and thiocyanate from glucosinolates in the gastrointestinal tract of pigs. The 
lack of the effect of dietary CPCC on serum T4 level of pigs fed HA-starch-
containing diet could also have been due to increased degradation of glucosinolates to 
nitriles at the expense of goitrin and thiocyanate. As previously mentioned, nitriles do 
not interfere with thyroid hormone synthesis. A reduction in gastrointestinal pH 
results in increased production of nitriles at the expense of goitrogenic glucosinolate 
degradation products (Chevolleau et al., 1997; Agerbirk et al., 1998; Galletti et al., 
2001; Bernardi et al., 2003); dietary HA-starch reduced the hindgut pH of pigs.  
Dietary CPCC increased cecal isothiocyanate concentration of pigs fed HA-
starch-containing diet, which was surprising. It had been hypothesized that dietary 
HA-starch will reduce cecal and colonic pH of pigs fed CPCC-based diet, leading to 
increased conversion of progoitrin and glucobrassicin into nitriles. This is because the 
composition of degradation products derived from glucosinolates is partly dependent 
on parent glucosinolate type and gastrointestinal pH of pigs. For instance, 
myrosinase-catalyzed hydrolysis of progoitrin favored goitrin production at neutral 
pH (pH 6 to 7), but nitrile production at acidic pH ≤ 5.5 (Bernardi et al., 2003; 
Matusheski et al., 2006); whereas myrosinase-catalyzed hydrolysis of glucobrassicin 
favored thiocyanate production at neutral pH (pH 6 to 7), but indole-3-acetonitriles 
production at  acidic pH (4 to 5.6; Chevolleau  et al., 1997; Agerbirk et al., 1998). 
Thus, a reduction in the hindgut pH of pigs due to dietary HA-starch was expected to 
promote nitrile production from dietary glucosinolates at the expense of goitrin and 
thiocyanate productions. However, it should be noted that the production of 
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isothiocyanates from glucosinolates is also partly dependent on the presence of iron. 
For instance, in vitro production of isothiocyanates from glucosinolates decreased 
with a reduction in the pH of incubation medium from 6.5 to 5.5 in the presence of 
iron, but increased with a reduction in the pH when the incubation medium in the 
absence of iron (Uda et al., 1986). The presence of resistant starch (such as HA-
starch) results in increased absorption of iron in the upper part of gastrointestinal tract 
(Morais et al., 1996; Lopez et al., 2001), implying that resistant starch reduces the 
availability of iron in the hindgut. Thus, the increased concentration of 
isothiocyanates in the cecal digesta due to the inclusion of CPCC in HA-starch-
containing diet could have been due to reduced iron availability in the cecal digesta of 
pigs. Although some studies have reported that isothiocyanates are unstable and that 
they are readily converted to other degradation products such as goitrin and indole-3-
carbinol (Agerbirk et al., 1998; Bernardi et al., 2003), several other studies have 
reported their production in the gastrointestinal tract and their absorption into the 
body (Elfoul et al., 2001; Johnson, 2002). Isothiocyanates promote the health of 
animals and humans by detoxifying chemical carcinogens through induction of Phase 
II detoxification enzymes and by exhibiting antimicrobial activity against pathogenic 
bacteria (Tierens et al., 2001; Johnson, 2002). Thus, the dietary HA-starch-induced 
increase in the production of isothiocyanates from glucosinolates in the 
gastrointestinal tract of pigs implies that HA-starch can be included in glucosinolate-
containing diets for pigs to improve their health. In the current study, nitriles were not 
detectable in the cecal digesta of pigs, which have been due to increased degradation 
and absorption of nitriles in the upper part of the gastrointestinal tract. Frandsen et al. 
(2019) reported increased degradation of glucosinolates into nitriles at acidic pH 
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found in the stomach of pigs both in the presence and absence of myrosinases, 
implying that the degradation of glucosinolates to nitriles is partly independent of the 
presence of myrosinases. Frandsen et al. (2019) reported that nitriles are absorbed in 
the stomach and upper part of the small intestine. 
In conclusion, dietary inclusion of CPCC resulted in reduced growth 
performance, increased metabolic activities of the liver and interfered with thyroid 
gland functions of nursery pigs. Inclusion of HA-starch in diets for nursery pigs 
reduced growth performance, extent of thyroid gland enlargement, cecal and colonic 
digesta pH, but increased colon weight relative to live BW, cecal total and individual 
VFA concentrations, serum T4 concentration, and cecal degradation of glucosinolates 
to isothiocyanates. Thus, dietary HA-starch fed in the current study can be used to 
alleviate the adverse effects of dietary CPCC on thyroid gland functions of nursery 
pigs.  
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Table 8.1. Ingredient composition and analyzed nutrient content of experimental diets (as-fed basis)1 
 
1The experimental diets were fed in 2 phases; Phase 1 from d 1 to 14 and Phase 2 from d 14 to 28.  
 
Phase 1 
 
Phase 2 
–HA-starch2 +HA-starch 
 
–HA-starch +HA-starch 
Item  –CPCC +CPCC –CPCC +CPCC 
 
–CPCC +CPCC –CPCC +CPCC 
Ingredient, % 
Corn  59.80 46.05 11.05 -  69.12 56.14 20.84 8.36 
Cold-pressed canola cake  - 40.00 - 40.00  - 40.00 - 40.00 
Whey permeate  10.00 10.00 10.00 10.00  - - - - 
Soybean meal  16.00 - 23.50 -  26.00 - 26.50 - 
HA-starch - - 40.00 40.00  - - 40.00 40.00 
Soy protein3, 56% CP 10.00 - 10.00 5.33  - - 7.00 7.00 
Soybean oil 0.28 - 1.65 0.78  0.90 - 1.88 0.92 
Limestone  1.22 0.80 1.13 0.74  1.17 0.77 1.12 0.70 
Monocalcium phosphate  1.00 0.80 1.08 0.88  0.94 0.70 1.00 0.80 
Salt 0.65 0.72 0.67 0.73  0.63 0.68 0.64 0.69 
L-Lysine HCl 0.55 0.93 0.42 0.83  0.53 0.86 0.36 0.71 
L-Threonine 0.15 0.29 0.14 0.28  0.23 0.33 0.19 0.30 
DL-Methionine 0.12 0.10 0.15 0.14  0.19 0.16 0.21 0.18 
L-Tryptophan 0.03 0.11 0.01 0.09  0.09 0.16 0.06 0.14 
Vitamin premix4 0.05 0.05 0.05 0.05  0.05 0.05 0.05 0.05 
Mineral premix5 0.15 0.15 0.15 0.15  0.15 0.15 0.15 0.15 
Analyzed composition, % 
Dry matter 87.07 89.27 88.55 90.28  85.55 87.42 88.19 89.61 
Crude protein 18.16 22.66 16.87 18.40  16.55 18.56 19.68 19.98 
Ash 6.19 6.39 5.51 5.94  5.92 5.55 5.75 5.55 
Ether extract 2.87 7.14 3.40 6.43  2.04 7.67 1.97 8.24 
Neutral detergent fiber 8.29 13.69 5.19 10.54  8.94 21.00 16.52 11.33 
Acid detergent fiber 4.79 8.79 3.75 7.67  4.92 8.86 4.03 7.53 
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2HA-starch = high-amylose cornstarch. HA-starch (Hylon VIITM; 70% amylose) was obtained from Ingredion Incorporated 
(Westchester, IL). 
3Soy protein was a hydrolyzed soy protein product (HP 300) from Hamlet Protein (Horsens, Denmark).  
4Provided the following per kilogram of diet: 2226 IU vitamin A, 340 IU vitamin D3, 11.3 IU vitamin E, 0.01 mg vitamin 
B12, 0.91 mg menadione, 2.04 mg riboflavin, 12.5 mg pantothenic acid, 11.3 mg niacin, 0.23 mg folic acid, 0.68 mg 
pyridoxine, 0.68 mg thiamine, and 0.04 mg biotin. 
5Provided the following per kilogram of diet: 75 mg Zn as ZnSO4, 75 mg Fe as FeSO4; 7 mg Cu as CuSO4, and 20 mg Mn 
as MnSO4. 
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Table 8.2. Analyzed nutrient and glucosinolate content of cold-pressed canola cake (% DM basis)1 
Item Cold-pressed canola cake 
Nutrient composition, %  
Moisture 6.92 
Crude protein 35.93 
Ash 5.86 
Ether extract 15.32 
Neutral detergent fiber 28.50 
Acid detergent fiber 19.66 
Indispensable amino acids 
Arg 2.32 
His 0.96 
Ile 1.57 
Leu 2.60 
Lys 2.21 
Met 0.71 
Phe 1.51 
Thr 1.54 
Trp 0.38 
Val 1.96 
Dispensable amino acids 
Ala 1.61 
Asp 2.79 
Cys 0.91 
Glu 6.33 
Gly 1.87 
Pro 2.15 
Ser 1.36 
Tyr 1.04 
Glucosinolates2, µmol/g  
Gluconapin (3-Butenyl) 2.03 
Glucobrassicanapin (4-Pentenyl) 0.16 
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Progoitrin (2-OH-3-butenyl) 3.81 
Gluconapoleiferin (2-OH-4-pentenyl) 0.04 
Total aliphatics 6.04 
Glucoerucin (CH3-thiobutenyl) <0.02 
Gluconasturtiin (Phenylethyl) 0.15 
Glucoberteroin (CH3-thiopentenyl) 0.63 
Glucobrassicin (3-CH3-indolyl) 0.19 
4-hydroxyglucobrassicin (4-OH-3-CH3-indolyl) 3.91 
Total glucosinolates 11.1 
1The analysis was done in duplicate and, hence the presented data are means of 2 values. 
2Glucosinolate contents were analyzed by gas chromatography (Daun and McGregor, 1981) at POS Pilot Plant Corp. 
(Saskatoon, SK, Canada). 
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Table 8.3. Growth performance of nursery pigs fed cold-pressed canola cake without or with resistant starch1  
Item2 
–HA-starch3  +HA-starch 
SEM 
P-value 
–CPCC +CPCC  –CPCC +CPCC CPCC Starch C × S 
BW, kg 
Day 0 7.1 7.1  7.1 7.1 0.593 0.990 0.971 0.971 
Day 14 11.4 10.8  11.3 9.6 0.836 0.070 0.321 0.290 
Day 28 18.0 16.4  17.2 14.0 1.206 0.007 0.058 0.354 
ADG, kg 
Day 0-14 0.307a 0.264b  0.303a 0.177c 0.020 <0.001 0.005 0.007 
Day 14-28 0.446 0.398  0.415 0.311 0.025 <0.001 0.005 0.124 
Day 0-28 0.388 0.331  0.359 0.246 0.023 <0.001 0.003 0.161 
ADFI, kg 
Day 0-14 0.468 0.361  0.451 0.304 0.031 <0.001 0.113 0.379 
Day 14-28 0.714a 0.631b  0.677a 0.470c 0.041 <0.001 0.003 0.031 
Day 0-28 0.600 0.496  0.564 0.381 0.039 <0.001 0.011 0.169 
G:F          
Day 0-14 0.677b 0.731a  0.673b 0.594c 0.015 0.419 <0.001 <0.001 
Day 14-28 0.629 0.631  0.616 0.646 0.012 0.184 0.954 0.228 
Day 0-28 0.648 0.668  0.638 0.675 0.019 0.120 0.909 0.672 
a–cWithin a row, means without a common superscript differ (P < 0.05). 
1Data are means of 10 pens of pigs with 6 pigs per pen. 
2BW = body weight; ADG = average daily gain; ADFI = average daily feed intake; and G:F = gain to feed ratio. The pig 
BW and feed intake were determined by phase to calculate ADG, ADFI, and G:F by phase and for the entire experiment. 
3HA-starch = high-amylose cornstarch. HA-starch (Hylon VIITM; 70% amylose) was obtained from Ingredion Incorporated 
(Westchester, IL). 
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Table 8.4. Organ weights and serum thyroid hormone concentrations of nursery pigs fed cold-pressed canola cake without or 
with resistant starch1  
Item 
–HA-starch2  +HA-starch 
SEM 
P-value 
–CPCC +CPCC  –CPCC +CPCC CPCC Starch C × S 
Organ weights 
Heart, g/kg of BW 5.47 5.16  5.31 5.40 0.253 0.618 0.868 0.378 
Kidneys, g/kg of BW 5.67 5.65  5.71 5.83 0.297 0.856 0.689 0.797 
Liver, g/kg of BW 29.2 37.0  28.3 35.5 1.144 <0.001 0.254 0.768 
Thyroid gland, mg/kg of BW 119.7b 196.5a  103.5b 130.1b 11.512 <0.001 <0.001 0.024 
Gastrointestinal tract weights, g/kg of BW 
Small intestine 46.3 43.0  45.3 44.1 1.274 0.100 0.999 0.442 
Cecum 2.69 2.23  2.65 2.51 0.247 0.226 0.609 0.506 
Colon 15.8b 16.9b  22.6a 20.4a 0.979 0.530 <0.001 0.091 
Serum3, ng/mL 
T3 0.735 0.739  0.639 0.559 0.085 0.611 0.102 0.551 
T4 30.3 17.8  32.1 28.3 3.320 0.016 0.062 0.176 
a,bWithin a row, means without a common superscript differ (P < 0.05). 
1Pigs were housed in 40 pens (6 pigs/pen) and 1 pig from each pen (8 pigs/diet) with BW that was close to the pen average 
BW were euthanized to collect heart, kidneys, liver and thyroid gland, followed by the collection of 10 mL of blood from each 
pig to determine serum T3 and T4 concentrations. 
2HA-starch = high-amylose cornstarch. HA-starch (Hylon VIITM; 70% amylose) was obtained from Ingredion Incorporated 
(Westchester, IL). 
3T3 = triiodothyronine; T4 = tetraiodothyronine. 
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Table 8.5. Hindgut pH and cecal glucosinolate degradation metabolite of nursery pigs fed cold-pressed canola cake without or 
with resistant starch1  
Item 
–HA-starch2  +HA-starch 
SEM 
P-value 
–CPCC +CPCC  –CPCC +CPCC CPCC Starch C × S 
Hindgut pH 
Cecum 5.60 5.49  5.27 5.27 0.088 0.530 0.004 0.548 
Proximal colon 5.62 5.79  5.29 5.25 0.109 0.550 <0.001 0.307 
Mid colon 5.70 5.81  5.50 5.28 0.129 0.677 0.006 0.175 
Distal colon 5.94 5.99  5.50 5.62 0.138 0.519 0.006 0.792 
Cecal isothiocyanates, µmol/mL 0.043b 0.041b  0b 0.388a 0.053 0.001 0.009 0.001 
a,bWithin a row, means without a common superscript differ (P < 0.05). 
1Pigs were housed in 40 pens (6 pigs/pen) and 1 pig from each pen (8 pigs/diet) with BW that was close to the pen average 
BW were euthanized to collect cecal and colonic digesta to determine gastrointestinal tract pH and glucosinolate degradation 
metabolites. 
2HA-starch = high-amylose cornstarch. HA-starch (Hylon VIITM; 70% amylose) was obtained from Ingredion Incorporated 
(Westchester, IL). 
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Table 8.6. Cecal volatile fatty acid concentrations of nursery pigs fed cold-pressed canola cake without or with resistant 
starch1  
Item 
–HA-starch2  +HA-starch 
SEM 
P-value 
–CPCC +CPCC  –CPCC +CPCC CPCC Starch C × S 
Cecal VFA3, mM of digesta 
Total VFA 78.6b 58.2b  108.1a 116.3a 8.817 0.455 <0.001 0.089 
Acetate 44.8 37.0  55.8 61.0 5.074 0.782 <0.001 0.176 
Propionate 22.7 16.2  35.4 39.3 4.839 0.779 <0.001 0.248 
Butyrate 10.3b 4.36c  16.0a 15.0a 1.553 0.022 <0.001 0.093 
BCFA4 0.849 0.641  0.965 1.008 0.156 0.550 0.087 0.382 
a,b,cWithin a row, means without a common superscript differ (P < 0.05). 
1Pigs were housed in 40 pens (6 pigs/pen) and 1 pig from each pen (8 pigs/diet) with BW that was close to the pen average 
BW were euthanized to collect cecal digesta to determine VFA concentrations.  
2HA-starch = high-amylose cornstarch. HA-starch (Hylon VIITM; 70% amylose) was obtained from Ingredion Incorporated 
(Westchester, IL). 
3VFA = volatile fatty acids. 
4BCFA = branched-chain fatty acids; ([isobutyic acids] + [isovaleric acids]); brackets represent concentrations. 
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CHAPTER NINE 
 
Porcine in vitro fermentation characteristics of canola co-products in neutral and acidic 
fermentation medium pH 
 
9.1 ABSTRACT: An in vitro study was conducted to determine the effects of reducing 
pH of porcine in vitro fermentation medium on the composition of glucosinolate 
degradation products and porcine in vitro fermentation characteristics for solvent-
extracted canola meal (SECM) and cold-pressed canola cake (CPCC). Two canola co-
products were subjected to porcine in vitro fermentation for 72 h. Accumulated gas 
production during microbial fermentation was recorded and modeled to estimate the 
kinetics of gas production. Glucosinolate degradation products after microbial 
fermentation were determined and fermentation medium pH after incubation was 
recorded. Total and individual volatile fatty acids (VFA) concentrations per unit weight 
of dry matter (DM) of feedstuffs were determined. On a DM basis, SECM and CPCC 
contained 6.15 and 11.1 µmol/g of glucosinolates, respectively. Isothiocyanate and 
indole-3-acetonitrile concentrations for CPCC were lower (P < 0.05) than those for 
SECM, whereas thiocyanate production for CPCC was greater (P < 0.05) than that for 
SECM. A reduction in fermentation medium pH from 6.2 to 5.2 increased (P < 0.05) 
production of indole-3-acetonitrile; decreased (P < 0.05) production of isothiocyanates, 
but did not affect the production of thiocyanate from SECM-derived glucosinolates. 
Fermentation medium pH after in vitro fermentation for SECM tended to be greater (P = 
0.081) than that for CPCC. Canola co-product type and fermentation medium pH did not 
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interact on gas production parameters. However, a reduction in fermentation medium pH 
from 6.2 to 5.2 resulted in increased (P < 0.05) lag time and half-time to asymptote; 
reduced (P < 0.05) fractional rate of degradation and total gas production. Canola co-
product type and fermentation medium pH did not interact on total or individual VFA 
production per gram of DM of feedstuff fermented. However, reducing fermentation 
medium pH from 6.2 to 5.2 increased (P < 0.05) total VFA and acetate productions, and 
tended to reduce (P = 0.083) branched-chain VFA production SECM and CPCC. In 
conclusion, a reduction in fermentation medium pH from 6.2 to 5.2 resulted in increased 
production of indole-3-acetonitriles from SECM-derived glucosinolates but did not affect 
the production of thiocyanate from SECM-derived glucosinolates. Thus, the pH reduction 
can result in the reduced toxicity of glucosinolates in SECM. 
 
Key words: canola co-products, in vitro fermentation, pig, glucosinolate degradation 
products  
 
9.2 INTRODUCTION 
Canola co-products such as solvent-extracted canola meal (SECM) and cold-
pressed canola cake (CPCC) are widely used feed ingredients for the formulation of diets 
for pigs (Woyengo et al., 2014a). Canola co-products contain glucosinolates, which are 
degraded to isothiocyanates, goitrin, nitriles, and thiocyanate by dietary myrosinases or 
myrosinases that are produced by microorganisms residing in the hindgut of pigs (Fahey 
et al., 2001). Isothiocyanates have some health benefits including detoxification of 
chemical carcinogens via induction of Phase II detoxification enzymes and exhibition of 
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antimicrobial activity against pathogenic bacteria (Tierens et al., 2001; Johnson, 2002). 
Also, nitriles have shown to have health benefits including reduction of oxidative stress 
through induction of Phase II antioxidant enzymes when they are consumed in small 
quantities (Tanii et al., 2008). However, nitriles are toxic when they are consumed in 
large quantities, and hence they interfere with liver and kidney functions when they are 
consumed in large quantities (Matusheski and Jeffery, 2001). Thiocyanate and goitrin are 
goitrogenic and also interfere with liver and kidney functions (Fahey et al., 2001; Bones 
and Rossiter, 2006). Thus, the toxicity of glucosinolates can be reduced by increasing 
their degradation to isothiocyanates and nitriles at the expense of goitrin and thiocyanate.  
Chemical composition of glucosinolate degradation products are affected by 
parent glucosinolate type (substrate) and reaction conditions including pH values, 
epithiospecifier protein (ESP; a non-catalytic cofactor of myrosinase), and availability of 
ferrous ions (Cartea and Velasco, 2008; Agerbirk et al., 2009). The ESP is susceptible to 
heat and is denatured by heat at 60°C (Matusheski et al., 2004), implying that the ESP in 
canola co-products is mostly inactivated during the process of oil extraction. 
Conventional diets for pigs contain iron (Liu et al., 2014). Thus, parent glucosinolates 
type and pH values are the 2 major factors that affect the composition of glucosinolate 
degradation products. Parent glucosinolates are classified into 2 major groups depending 
on amino acid from which they are synthesized; aliphatic and aromatic glucosinolates 
(Giamoustaris and Mithen 1996). Progoitrin is the major aliphatic glucosinolate, whereas 
glucobrassicin is the major aromatic glucosinolate present in canola co-products 
(Slominski et al., 2012; Lee and Woyengo, 2018). At neutral pH (pH 6 to 7), progoitrin is 
first degraded to isothiocyanates via a Lossen rearrangement and then is cyclized to 
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goitrin (Galletti et al., 2001; Bernardi et al., 2003), whereas glucobrassicin is first 
degraded to isothiocyanates, which are then converted to indole-3-carbinols through 
release of thiocyanate (Agerbirk et al., 1998). At acid pH (pH 4 to 5.6), both progoitrin 
and glucobrassicin are degraded to nitriles (Chevolleau et al., 1997; Agerbirk et al., 1998; 
Matusheski et al., 2006). Thus, a reduction in gastrointestinal pH is expected to result in 
reduced toxicity of dietary glucosinolates due to the increased production of nitriles at the 
expense of goitrogenic glucosinolate degradation products. In the previous study (see 
Chapter 8), a reduction in the hindgut pH of nursery pigs due to dietary inclusion of HA-
starch resulted in increased concentration of isothiocyanates in cecal digesta; however, 
nitriles were undetectable in cecal digesta. It should be noted that the concentration of 
glucosinolate degradation products in the gastrointestinal tract of pigs is a function of 
their rate of production and absorption. Thus, the determination of effects of 
gastrointestinal pH on glucosinolate degradation products using porcine in vitro 
fermentation system can generate relatively more accurate quantitative data. The SECM 
and CPCC differ in the composition of glucosinolates. For instance, both SECM and 
CPCC have similar contents of aliphatic glucosinolates; however, CPCC has a greater 
content of glucobrassicin than SECM (Thacker and Petri, 2009). The effects of reducing 
the pH of porcine in vitro fermentation medium on the composition of canola-derived 
glucosinolate degradation products have not been reported. The objective of this study 
was to determine the effects of reducing the pH of porcine in vitro fermentation medium 
on the glucosinolate degradation products derived from SECM and CPCC.  
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9.3 MATERIALS AND METHODS 
9.3.1 Experimental Design and Treatments 
The SECM used in the current study was obtained from a local feed mill 
(Brookings, SD). The CPCC used in the current study was sourced from Dakota Lakes 
Field Station (Pierre, SD), and had been produced by pressing the canola seed at less than 
50 ºC (barrel temperature) for 2 min using a screw press expeller (Model KEK-P0020, 
Remscheid, Germany). The CPCC was delivered to South Dakota State University within 
7 d after its production. The CPCC and SECM were ground to pass through a 0.75-mm 
screen using a centrifugal mill (model ZM200; Retsch GmbH, Haan, Germany). The 
ground SECM and CPCC were subjected to porcine in vitro fermentation with 2 levels of 
incubation medium pH (pH 5.2 and 6.2) in a 2 × 2 factorial arrangement to give 4 
treatment combinations. A reduction in incubation medium pH was achieved by addition 
of acetic acids to the medium. The SECM and CPCC were subjected to in vitro microbial 
fermentation as described below.   
9.3.2 Porcine In Vitro Microbial Fermentation 
Briefly, 200 mg samples of SECM and CPCC were incubated for 72 h at 39°C in 
125 mL-glass bottles (WheatonTM223748, ThermoFisher Scientific, Waltham, MA) with 
30 ml of a buffer solution containing macro- and micro-minerals (Menke and Steingass, 
1988) and a freshly prepared pig fecal inoculum in a water bath shaking at 50 revolutions 
per minute. Feces for the preparation of inoculum were directly collected from the rectum 
of three gilts housed at the Swine Education and Research Facility of South Dakota State 
University (Brookings, SD) and fed drug-free commercial corn-soybean meal-based 
diets. The collected feces were immediately placed in plastic syringes to avoid exposure 
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to aerobic conditions. The feces were diluted 20 times in the buffer solution, filtered 
through a 250 µm-screen sieve (E.H. Sargent and Co., Chicago, IL), and transferred into 
bottles containing SECM or CPCC. The bottles were completely sealed with rubber 
stoppers and immediately placed in the water bath for incubation (39°C). During the 
preparation of inoculum and its transfer into bottles, anaerobic conditions were 
maintained by flushing with CO2 gas. The experimental animal procedures were reviewed 
and approved by the Institutional Animal Care and Use Committee at South Dakota State 
University (# 16-069E).  
During the incubation, gas production was recorded at 0, 2, 5, 8, 12, 18, 24, 36, 48 
and 72 h, using a pressure transducer (GP:50, Grand Island, NY, USA; Mauricio et al., 
1999) fitted with a digital data tracker (Blue Ribbon Corp., Grand Island, NY, USA). 
Needles were used to vent the glass bottles after each measurement of gas production. At 
the termination of the incubation, the glass bottles were immediately immersed on ice to 
terminate microbial fermentation. Bottle contents were transferred into 50 ml centrifuge 
tubes and stored at -20°C for further analyses. The experimental scheme for in vitro 
fermentation was: {[(4 treatments × 8 replicates) + 4 blanks] × 2 batches}. The 
experimental design was a randomized complete block design with bottle as the 
experimental unit and batch as a blocking factor.  
9.3.3 Sample Preparation and Analysis 
The SECM and CPCC used in the current study were analyzed for dry matter 
(DM), crude protein (CP), ether extract (EE), ash, acid detergent fiber (ADF), neutral 
detergent fiber (NDF), and glucosinolates. The samples were analyzed for DM by oven 
drying at 135°C for 2 h (method 930.15), CP by a combustion procedure (method 
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990.03), EE (method 2003.06) on a Soxtec 2050 (FOSS North America, Eden Prairie, 
MN, USA), dry ash (method 942.05) as per AOAC (2007); and for ADF and NDF on a 
Ankom 200 Fiber Analyzer (Ankom Technology, Fairport, NY) according to Van Soest 
et al. (1991). Glucosinolate content was quantified by gas chromatography (POS Pilot 
Plant Corp., Saskatoon, SK, Canada) according to the method of Daun and McGregor 
(1981). Samples that were collected from bottles at the termination of fermentation were 
thawed and centrifuged at 3,000 × g for 30 min at 4°C. The supernatant of the centrifuged 
samples was collected for volatile fatty acids (VFA) analysis as described by Erwin et al. 
(1961). Briefly, 0.8 ml of the supernatant was mixed with 0.2 ml of 25% phosphoric acid 
and 0.2 ml of internal standard solution (150 mg of 4-methyl-valeric acid, S381810; 
Sigma-Aldrich Corp., St. Louis, MO, USA) and vortexed for 1 min. The concentration of 
VFA (acetic, propionic, butyric, isobutyric, valeric, and isovaleric) in the supernatant of 
the fermented sample was determined by gas chromatography (Trace 1310, Thermo 
Fischer Scientific, Waltham, MA, USA) with a Stabilwax-DA column (30-m x 0.25-
mm i.d.; Restek, Bellefonte, PA, USA). A flame-ionization detector was used with an 
injector temperature of 170°C.  
Isothiocyanate concentrations in in vitro samples obtained after microbial 
fermentation were determined by cyclocondensation reactions as described by Zhang et 
al. (1996) with some modifications. Briefly, 5 mL of in vitro sample was added to 15 mL 
of acetonitrile and vortexed for 2 min for protein precipitation. The acetonitrile-added 
samples were centrifuged at 4,000 rpm for 20 min at 4°C. After centrifugation, 10 mL of 
the supernatant layer of the samples, 15 mL of 100 mM potassium phosphate buffer (pH 
8.5), and 20 mL of acetonitrile with 1,2-benzenedithiol (4.0 mM final concentration) 
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were mixed in 50-mL conical centrifuge tubes and vortexed for 2 min. The mixtures were 
incubated for 2 h at 65°C to convert all isothiocyanates in the samples into 1,3-
benzodithiole-2-thione by cyclocondensation reactions. After incubation, the reaction 
mixtures were lyophilized for 48 h. One hundred milligrams of the lyophilized reaction 
mixtures were extracted using 2 mL of dichloromethane three times and evaporated by 
flushing with air. Following evaporation of the extracted reaction mixtures, 200 µL of 
acetonitrile were used to dissolve dry residues containing 1,3-benzodithiole-2-thione for 
high-performance liquid chromatography (HPLC) injection.  
Indole-3-acetonitrile was determined as described by Śmiechowska et al. (2010) 
with some modifications. Briefly, 15 mL of in vitro samples were mixed with 15 mL of 
ethyl acetate and vortexed for 2 min. The ethyl acetate-added samples were evaporated 
by flushing with air. The dry residue was dissolved in 200 µL of acetonitrile for HPLC 
injection. Thiocyanate concentration in the medium was quantitated by simultaneous 
determination as described by Bhandari et al. (2012) with some modification. Briefly, 
150 µL of in vitro samples were transferred to 2 mL micro-centrifuge vials. A 100 µL of 
KS13C15 (50 µM) internal standard, 800 µL of 10 mM TBAS (sodium tetraborate 
decahydrate at pH 9.5) and 500 µL of pentafluorobenzyl bromide (20 mM solution in 
ethyl acetate) as a derivatizing reagent were added to the sample vials. The solution was 
vortexed for 2 min and incubated at 70°C in a heating block for 1 hr. The incubated 
solution was centrifuged at 13,000 revolutions per minute for 4 min. A 200 µL of the 
supernatant (organic layer) was added to Gas Chromatography Mass-Spectrometry (GC-
MS) autosampler vials containing 200 µL glass inserts for GC-MS injection.   
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For HPLC analysis, a chromatographic column (250 mm × 4.6 mm i.d., 5 m; 
Alltech, Deerfield, IL) was operated with mobile phases (solvent A: 30% distilled 
deionized water and solvent B: 70% acetonitrile) at a rate of 1 mL/min. The UV/vis 
spectra were determined at the detection wavelength of 365 nm to quantitate the total 
amount of 1,3-benzodithiole-2-thione derivatives and 280 nm for determination of 
indole-3-acetonitrile. The cyclic condensation product (1,3-benzodithiole-2-thione) was 
purchased from ALFA chemistry (Ronkonkoma, NY). The indole-3-acetonitrile product 
was purchased from Sigma-Aldrich (St. Louis, MO). For GC-MS analysis, samples were 
determined for derivatized thiocyanate using an Agilent Technologies 6890 N gas 
chromatograph and a 5975B inert XL electron ionization/chemical ionization mass 
selective detector in CI mode with a 7683 B series autosampler. A chromatographic 
column (30 m×0.25 mm ID, 0.5 µm film thickness; Restek, Bellefonte, PA) was operated 
with helium as the carrier gas at a glow rate of 1 mL/min. The derivatized thiocyanate 
was detected at 8.5 to 8.9 min.   
9.3.4 Statistical Analysis 
Data were subjected to ANOVA using the MIXED procedure of SAS (ver. 9.3, 
SAS Institute Inc., Cary, NC) in a randomized complete block design with batch as the 
block and glass bottle as the experimental unit. The model included canola co-product 
type and fermentation medium pH as the fixed factors and batch as a random factor: 
!"#$ = µ	 +	 	)" 	+ 	*# + 	()*)"# + 	-$ 	+	."#$                         
where ! is the dependent variable to be determined, µ is the overall mean, 	)" is 
the main effect of canola co-product type (i = 1, 2), 	*# is the main effect of fermentation 
medium pH (j = 1, 2), ()*)"# is the interaction effect between canola co-product type and 
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fermentation medium pH, 	-$  is the random batch effect (k = 1, 2), and ."#$  is the 
experimental error term. Least squares means were determined for each independent 
variable. Treatment means were separated by the probability of difference when 
interactions between canola co-product type and fermentation medium pH were 
significant. To test the hypotheses, P < 0.05 was considered significant. If pertinent, 
trends (0.05 ≤ P < 0.10) are also reported.  
 
9.4 RESULTS 
The CPCC contained less CP and NDF but more EE than SECM (Table 9.1). As 
expected, progoitrin was the most abundant aliphatic glucosinolate in both SECM and 
CPCC, whereas 4-hydroxyglucobrassicin was the most dominant indolic glucosinolate 
present in CPCC. Data on the effects of canola co-product type and fermentation medium 
pH on the concentration of glucosinolate degradation products in the samples collected 
from bottles at the termination of fermentation are presented in Table 9.2. There was an 
interaction (P = 0.002) between canola co-product type and the fermentation medium pH 
on the indole-3-acetonitrile concentration such that a reduction in fermentation medium 
pH from 6.2 to 5.2 resulted in a significant increase (P < 0.05) in the concentration of 
indole-3-acetonitriles for SECM, but did not affect the indole-3-acetonitrile concentration 
for CPCC. Canola co-product type and the fermentation medium pH did not interact on 
the concentrations of isothiocyanates and thiocyanate in the samples collected at the 
termination of fermentation. The concentration of isothiocyanates for SECM was greater 
(P < 0.05) than that for CPCC, whereas the concentration of thiocyanate for SECM was 
lower (P < 0.05) than that for CPCC. A reduction in the fermentation medium pH from 
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6.2 to 5.2 reduced (P < 0.05) the isothiocyanate concentration, but did not affect the 
thiocyanate concentration for SECM and CPCC. The fermentation medium pH for SECM 
after 72 h of porcine in vitro fermentation tended to be greater (P = 0.081) than that for 
CPCC.  
Data on the effects of canola co-product type and fermentation medium pH on 
kinetics of in vitro gas production, and VFA production are presented in Table 9.3. 
Canola co-product type and fermentation medium pH did not interact on any of the 
kinetics of in vitro gas production parameters measured in the current study. Also, canola 
co-product type did affect any of the kinetics of in vitro gas production parameters 
measured in the current study. However, a reduction in fermentation medium pH from 
6.2 to 5.2 resulted in increased (P < 0.05) lag time and half-time to asymptote; reduced 
(P < 0.05) the fractional rate of degradation and total gas production. Canola co-product 
type and fermentation medium pH did not interact on total or individual VFA production 
per gram of DM of feedstuff fermented. Also, canola co-product type did not affect total 
or individual VFA production per gram of DM of feedstuff fermented. However, 
reducing fermentation medium pH from 6.2 to 5.2 increased (P < 0.05) total VFA and 
acetate productions, and tended to reduce (P = 0.083) branched-chain VFA production 
SECM and CPCC.    
 
9.5 DISCUSSION 
The CP and EE values for SECM used in the current study were similar to the 
values reported by NRC (2012) for SECM. The NDF value (31.5%) for SECM was 
greater than the value (24.8% on a DM basis) reported by NRC (2012), but similar to the 
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value (29.9%) that was reported by Woyengo et al. (2010) for SECM and the value 
(32.9%) that was reported by Seneviratne et al. (2011a) for SECM. The CPCC contained 
more EE than SECM (15.3 vs. 1.12%), which was due to efficient oil extraction during 
the production of the latter than the former. The CPCC contained less CP and NDF than 
SECM, which could be explained by the dilution of components (including CP and NDF) 
of CPCC with the EE. The EE value of CPCC used in the current study was similar to the 
EE value (16.0%) that was reported by Lee and Woyengo (2018) for CPCC; however, the 
CP value (35.9%) for CPCC used in the current study was lower than the CP value 
(39.6%) for CPCC that was reported by Lee and Woyengo (2018), whereas the value for 
NDF for CPCC used in the current study was greater than the NDF value for CPCC that 
was reported by Lee and Woyengo (2018; 28.5 vs. 20.7%, respectively). The differences 
between the CPCC used in the current study and that fed in the study of Lee and 
Woyengo (2018) with regard to the chemical composition could have been due to the 
differences in growing and oil extraction conditions of canola. The total glucosinolate 
content of SECM (6.15 µmol/g) used in the current study was greater than the values 
reported by Landero et al. (2011) and Smit et al. (2014) for SECM that ranged from 3.84 
to 4.34 µmol/g, but lower than the value (8.7 µmol/g) that was reported by Parr et al. 
(2015) for SECM. The SECM and CPCC were similar in the content of aliphatic 
glucosinolates (4.34 vs. 6.04 µmol/g). However, the CPCC contained more 4-
hydroxyglucobrassicin (an indolic glucosinolate; 0.96 vs. 3.91 µmol/g), and hence more 
total glucosinolates than SECM. Canola seeds are subjected to more heat during oil 
extraction by solvent method than by cold-pressing method. Glucosinolates are heat-
labile (Newkirk and Classen, 2002), and indolic glucosinolates are more heat-labile than 
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aliphatic glucosinolates (Jensen et al., 1995). Thus, the greater content of indolic 
glucosinolates and hence total glucosinolates in CPCC than in SECM is attributed to the 
fact that the CPCC is subjected to less heat than SECM during oil extraction. The total 
glucosinolate content (11.1 µmol/g) of CPCC used in the current study was lower than 
the value (14.9 µmol/g) that was reported by Lee and Woyengo (2018) for CPCC, which 
could also have been due to the differences in growing and oil extraction conditions of 
canola. 
As previously mentioned, gastrointestinal microorganisms are the major source of 
myrosinases that degrade canola co-product-derived glucosinolates in the gastrointestinal 
tract of pigs (Fahey et al., 2001) and gastrointestinal tract pH is the most important factor 
that affects the composition of glucosinolate degradation products found in the 
gastrointestinal tract of pigs. In pigs, microorganisms are concentrated in the hindgut. In 
our previous study (see Chapter 8), the average hindgut pH of pigs fed conventional corn-
soybean meal-based diet was 5.7, and the addition of HA-starch (that contains starch that 
is highly fermentable in the hindgut) in this diet reduced the average hindgut pH of pigs 
from 5.7 to 5.3. Notably, results from the meta-regression analysis on deriving 
recommendations for the levels of resistant starch in diets for pigs, which were reported 
in the study of Metzler-Zebeli et al. (2018) have shown that the lowest hindgut pH value 
of weanling, growing or finishing pigs fed diets containing fermentable starch was 5.2. 
Thus, we conducted the current study to determine the effects of porcine in vitro 
fermentation of canola co-products (SECM and CPCC) at high pH (pH 6.2) and low pH 
(pH 5.2) on the composition of glucosinolate degradation products. Notably, we 
fermented undigested canola co-products and not enzymatically (pepsin and pancreatin) 
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digested canola co-products as would be the case when evaluating feedstuffs using the in 
vitro technique. This is because, in our preliminary study (data not presented), enzymatic 
digestion of canola co-products led to a loss of glucosinolates in the hydrolyzed residues.  
Indole-3-acetonitrile production from CPCC-derived glucosinolates was lower 
than that for SECM-derived glucosinolates, which was surprising. It had been assumed 
that CPCC would yield more indole-3-acetonitrile than SECM because of the greater 
content of indolic glucosinolates in CPCC than in SECM. However, it should be noted 
that SECM is subjected to more heat during its production than CPCC (Spragg and 
Mailer, 2007). Heat treatment resulted in increased thermal degradation of glucosinolates 
to nitriles (Slominski and Campbell, 1989b; Campbell and Slominski, 1990; Hanschen et 
al., 2012). As previously mentioned, SECM contained less indolic glucosinolates (from 
which indole-3-acetonitrile can be derived) than CPCC because indolic glucosinolates are 
more heat-labile than aliphatic glucosinolates. Thus, the lower yield of indole-3-
acetonitrile for CPCC than for SECM could be attributed to the fact the former is 
subjected to less heat during its production than the latter. Thiocyanate production from 
glucosinolates of CPCC was greater than that from glucosinolates of SECM. Thiocyanate 
is derived from indolic glucosinolates; indolic glucosinolates are converted into 
isothiocyanates, which are then converted into thiocyanate (Agerbirk et al., 1998). Thus, 
the greater production of thiocyanate from CPCC than from SECM could have been due 
to the greater content of indolic glucosinolates in the former than in the latter. 
Isothiocyanates are derived from both aliphatic and non-aliphatic glucosinolates (Galletti 
et al., 2001; Bernardi et al., 2003). The SECM contained less glucosinolates than CPCC, 
implying that the former is expected to yield less amount of isothiocyanates than the 
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latter. However, it should be noted that isothiocyanates are unstable, and are converted 
into other products depending on reaction conditions (Cartea and Velasco, 2008). For 
instance, neutral pH favors the conversion of progoitrin-derived isothiocyanates into 
goitrin and glucobrassicin-derived isothiocyanates into thiocyanate and indole-3-
carbinols (Agerbirk et al., 1998; Bernardi et al., 2003), whereas acidic pH favors the 
conversion of progoitrin and glucobrassicin directly into nitriles; progoitrin and 
glucobrassicin are not converted into isothiocyanates and then into nitriles (Chevolleau et 
al., 1997; Agerbirk et al., 1998; Matusheski et al., 2006). The fermentation medium pH 
for SECM tended to be greater than that for CPCC. Thus, the greater concentration of 
isothiocyanates in fermentation medium for SECM than for CPCC could be explained by 
the higher fermentation medium pH for the former than for the latter. The increase in the 
concentration of isothiocyanates observed in the current study due to an increase in 
fermentation medium pH is in agreement with the result from the study of Uda et al. 
(1986), who reported increased concentration of isothiocyanates derived from 
glucosinolates due to an increase in the pH from 5.0 to 6.5. However, the increased 
production of isothiocyanates due to an increase in fermentation medium pH is contrary 
to the result by Hanschen et al. (2017), who reported the highest isothiocyanate formation 
of isothiocyanates at acidic pH (pH 4.0) and the lowest formation of isothiocyanates at 
neutral pH (pH 6.0) from glucosinolates present in Brassica rapa species that had a high 
content of gluconapin (1.12 µmol/g). It should be noted that SECM used in the current 
study had a similar content of gluconapin (1.50 µmol/g), whereas progoitrin (2.59 
µmol/g) was the most abundant aliphatic glucosinolates in SECM and the total content of 
glucosinolates in SECM was greater than that in B. rapa used in the study of Hanschen et 
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al. (2017; 1.62 vs. 6.15 µmol/g), implying that the former has a relatively greater content 
of glucosinolates (progoitrin and non-aliphatic) from which isothiocyanates can be 
derived at increased pH than the latter. Thus, an increase in the isothiocyanate formation 
observed in the current study, but not in the study of Hanschen et al. (2017) could have 
been due to the differences in the composition of glucosinolates and total glucosinolate 
content between two studies.   
A decrease in the pH of fermentation medium from 6.2 to 5.2 resulted in an 
increase in the production of indole-3-acetonitrile and a reduction in the production of 
isothiocyanates from SECM-derived glucosinolates, which was attributed to the fact that 
low pH favors the degradation of progoitrin to nitriles at the expense of isothiocyanates. 
The increased production of nitriles derived from progoitrin observed in the current study 
due to a decrease in fermentation medium pH from 6.2 to 5.2 is comparable to the results 
from the studies of Tookey et al. (1973) and Galletti et al. (2001), who reported increased 
nitrile productions from progoitrin due to the reaction medium pH at 5.0. The decrease in 
the pH of fermentation medium did not affect the productions of indole-3-acetonitrile and 
of isothiocyanates from CPCC-derived glucosinolates, which could be attributed to the 
fact that the fermentation medium pH of CPCC used in the current study was already low 
to be affected by a further decrease in the pH. However, the difference in the pH between 
the fermentation medium for CPCC and that for SECM was small, and hence there is a 
need for further research to determine the effect of reducing pH of fermentation medium 
for canola co-products by small margins on the composition of glucosinolate degradation 
production. Because a decrease in fermentation medium pH resulted in a decrease in the 
production of thiocyanate from glucosinolates (Agerbirk et al., 1998), it had been 
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hypothesized that a decrease in fermentation medium pH from 6.2 to 5.2 will result in a 
decrease in the thiocyanate production from glucosinolates of canola co-products. 
However, the reduction in the fermentation pH did not affect thiocyanate production from 
glucosinolates of canola co-products, and the reason this is not clear. The concentration 
of goitrin and progoitrin-derived nitriles in the fermentation medium were not determined 
in the current study due to a lack of capacity to determine these glucosinolate degradation 
products. However, a trend for the production of goitrin would be expected to be similar 
to that, which was observed for the production of isothiocyanates, whereas a trend for the 
production of progoitrin-derived nitriles would be expected to be similar to that, which 
was observed for the production of indolic glucosinolates-derived nitriles.  
The fermentation medium pH at the termination of in vitro fermentation was 
greater than that at the initiation of in vitro study. The greater final fermentation medium 
pH than the initial fermentation medium pH observed in the current study could have 
been partly due to increased utilization of amino acids in SECM and CPCC by gut 
microbes as carbon sources, leading to increased release of ammonium to aqueous 
fermentation medium solutions. The SECM and CPCC used in the current study have a 
high content of CP. The major end products of microbial fermentation of protein are 
branched-chain VFA, ammonia, and amines (Jha and Berrocoso, 2016). Increased 
attraction of protons by ammonia results in increased production of ammonium in 
aqueous solution (Pearson, 1986), resulting in increased fermentation medium pH. The 
higher fermentation medium pH for SECM than for CPCC could have been due to the 
greater protein content in SECM than in CPCC. As expected, a reduction in the 
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fermentation medium pH from 6.2 to 5.2 due to acetic acid addition to the buffer 
solutions increased acetate, and hence total VFA concentration for SECM and CPCC.  
The fermentability for CPCC did not differ from than that for SECM as evidenced by 
similar cumulative gas production; and total and individual VFA productions, which was 
surprising as it had been assumed that the fermentability for CPCC would be lower than 
for SECM. Because canola oil is rich in unsaturated fatty acids especially oleic acids and 
linoleic acids (C18:1 and C18:2, respectively). Increased degree of fat unsaturation due to 
canola oil reduces microbial fermentation as evidenced by reduced total VFA production 
(Jenkins and Jenny, 1992), implying that unsaturated fatty acids in canola oil can reduce 
the fermentability of organic matter in canola co-products. It is not clear why the 
fermentability for CPCC did not differ from that for SECM. 
In conclusion, a reduction in the fermentation medium pH from 6.2 to 5.2 by the 
addition of acetic acids to the fermentation medium resulted in increased production of 
indole-3-acetonitriles from SECM-derived glucosinolates but did not affect the 
production of thiocyanate from SECM-derived glucosinolates. Because nitriles are less 
toxic than goitrogenic glucosinolates such as thiocyanate, the increased production of 
nitriles from SECM-derived glucosinolates by a reduction in fermentation medium pH 
implies that the pH reduction can result in reduced toxicity of glucosinolates in SECM. 
Glucosinolates in CPCC were less degradable than those in SECM and were less affected 
by the fermentation medium pH used in the current study. 
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Table 9.1. Analyzed nutrient and glucosinolate content of canola co-products (% DM 
basis)1 
Item SECM2 CPCC3 
Nutrient composition, %   
Moisture 11.82 6.92 
Crude protein 42.86 35.93 
Ash 6.43 5.86 
Ether extract 1.12 15.32 
Neutral detergent fiber 31.54 28.50 
Acid detergent fiber 20.49 19.66 
Glucosinolates4, µmol/g  
Gluconapin (3-Butenyl) 1.50 2.03 
Glucobrassicanapin (4-Pentenyl) 0.16 0.16 
Progoitrin (2-OH-3-butenyl) 2.59 3.81 
Gluconapoleiferin (2-OH-4-pentenyl) 0.09 0.04 
Total aliphatics 4.34 6.04 
Glucoerucin (CH3-thiobutenyl) <0.02 <0.02 
Gluconasturtiin (Phenylethyl) 0.06 0.15 
Glucoberteroin (CH3-thiopentenyl) 0.63 0.63 
Glucobrassicin (3-CH3-indolyl) 0.16 0.19 
4-Hydroxyglucobrassicin (4-OH-3-CH3-indolyl) 0.96 3.91 
Total glucosinolates 6.15 11.1 
1The analysis was done in duplicate and, hence the presented data are means of 2 
values. 
2SECM = solvent-extracted canola meal. 
3CPCC = cold-pressed canola cake. 
4Glucosinolate values were analyzed by gas chromatography (Daun and McGregor, 
1981) at POS Pilot Plant Corp. (Saskatoon, SK, Canada). 
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Table 9.2. Analyzed glucosinolate degradation products and fermentation medium pH after in vitro fermentation of canola co-
products1 
Item 
pH 6.2  pH 5.2  P-value 
SECM CPCC  SECM CPCC SEM Canola 
Medium 
pH 
C × 
pH2 
Glucosinolate degradation metabolite 
Isothiocyanate, µmol/mL  0.641 0.397  0.456 0.370 0.050 0.002 0.038 0.112 
Indole-3-acetonitrile, µmol/mL  3.523b 1.343c  6.415a 1.328c 0.428 <0.001 0.003 0.002 
Thiocyanate, µmol/L 5.739 6.739  5.940 6.302 0.225 0.002 0.836 0.147 
Fermentation medium pH3 6.44 6.36  5.53 5.50 0.021 0.081 <0.001 0.409 
1SECM = solvent-extracted canola meal; CPCC = cold-pressed canola cake; the analysis was done in duplicate, and hence 
the presented data are means of 2 values. 
2C × pH = interaction effect between canola co-product type and incubation medium pH. 
3Fermentation medium pH was measured after 72 h of porcine in vitro fermentation. 
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Table 9.3. Fitted kinetics parameters and analyzed VFA concentrations after in vitro fermentation of canola co-products1 
Item 
pH 6.2  pH 5.2 
SEM 
P-value 
SECM CPCC  SECM CPCC Canola 
Medium 
pH C × pH2 
Kinetics parameters 
Lag time, h 2.06 1.98  9.30 8.06 0.887 0.407 <0.001 0.464 
Half time3, h 10.1 8.88  20.7 19.6 1.491 0.441 <0.001 0.962 
Rate of degradation4 0.083 0.081  0.066 0.073 0.004 0.533 0.017 0.404 
Total gas5 97.8 98.2  50.1 59.0 2.929 0.151 <0.001 0.241 
VFA concentration, mmol/g DM of feedstuff 
Total VFA 19.76 19.54  27.81 25.87 1.480 0.727 0.025 0.782 
Acetate 17.97 17.73  26.23 24.20 1.361 0.703 0.016 0.763 
Propionate 0.833 0.895  0.742 0.751 0.085 0.686 0.179 0.758 
Butyrate 0.883 0.869  0.814 0.882 0.062 0.813 0.801 0.707 
Branched-chain 
VFA6 0.144 0.093  0.073 0.085 0.023 0.376 0.083 0.157 
1SECM = solvent-extracted canola meal; CPCC = cold-pressed canola cake; the analysis was done in duplicate, and hence 
the presented data are means of 2 values. 
2C × pH = interaction effect between canola co-product type and incubation medium pH. 
3Half-time to asymptote (h; T/2).  
4Fractional rate of degradation (h-1) at t = T/2. 
5Cummulative gas production recorded during microbial incubation (ml/g of sample). 
6 Branched-chain VFA content was calculated by summing contents of isobutyric and isovaleric acids. 
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Figure 9.1. Gas production kinetics of canola co-products during 72-hour of microbial fermentation. SECM = solvent-
extracted canola meal; CPCC = cold-pressed canola cake. 
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CHAPTER TEN 
GENERAL DISCUSSION 
 
The overall objective of this thesis research was to establish nutritional 
strategies to optimize the utilization of canola co-products in diets for nursery pigs. 
Canola co-products have a high content of fiber and glucosinolates, which reduce 
nutrient utilization by pigs (Bell, 1993; Woyengo et al., 2014a). Dietary fiber is 
indigestible by gastric and pancreatic enzymes in pigs and it reduces the utilization of 
other nutrients in diets for pigs (Schulze et al., 1994; Stein and Shurson, 2009). 
Glucosinolates themselves do not reduce nutrient utilization but they can be degraded 
to toxic products that reduce nutrient utilization by the heat that feed is subjected to, 
dietary myrosinases, gastric acid, or myrosinases that are produced by gastrointestinal 
microorganisms (Cartea and Velasco, 2008). The negative effects of fiber can be 
minimized by supplementation of canola co-products-based diets with enzymes that 
target the major NSP in the canola co-products. However, the effects of the enzymes 
that target the major NSP in canola co-products on nutrient utilization in pigs fed 
canola co-products-based diets have not been reported. The negative effects of 
glucosinolates can be minimized by identifying dietary levels of glucosinolates that 
pigs can tolerate or by reducing the toxicity of glucosinolates in pigs. The tolerable 
levels of glucosinolates in diets that are based on SECM or EPCM have been 
established. Glucosinolate composition of CPCC is different from that of SECM or 
EPCM, implying that the level of CPCC glucosinolates in diets that pigs tolerate can 
be different from those for SECM and EPCM. However, there is a lack of information 
on the level of CPCC glucosinolates that pigs can tolerate. The toxicity of 
glucosinolates can potentially be reduced by reducing the pH in the hindgut of pigs. 
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However, information is lacking on the effects of reducing the hindgut pH of pigs on 
the toxicity of canola co-products glucosinolates. 
In the current thesis research, supplementation of SECM and CPCC with 
NSP-degrading enzymes improved IVDDM, which was due to the hydrolysis of fiber 
present in the canola co-products by the enzymes. Meng and Slominski (2005) 
reported increased digestibility of NSP but not of fat of SECM-based diets for broilers 
due to supplemental NSP-degrading enzymes. However, supplemental NSP-
degrading enzymes increased the digestibility of NSP and fat of full-fat canola seed-
based diets for broilers (Meng et al., 2006). The improvement in fat digestibility of 
full-fat canola seed-based diets for broilers and not of SECM-based diets for broilers 
was attributed to the fact that fat-containing cells in SECM are ruptured to release oil 
during the oil production, whereas fat-containing cells in full-fat canola seed are 
intact, and hence the NSP-degrading enzymes can hydrolyze the NSP in cell walls of 
these cells to release the cell wall-encapsulated oil. Thus, in the current thesis 
research, supplemental NSP-degrading enzymes were expected to have greater effects 
on CPCC than on SECM because oil is less efficiently extracted from canola seed by 
cold-pressing method than by solvent extraction method, implying that CPCC 
contains some intact oil-containing cells. However, interactions were not detected 
between canola co-product type and NSP-degrading enzymes on IVDDM, implying 
that CPCC did not contain a sufficient amount of NSP-encapsulated oil to impact the 
response to enzyme supplementation. Also, the improvement in IVDDM of the canola 
co-products by the supplemental enzyme was marginal (>3%). 
The purpose of conducting the second study of this thesis research was to 
determine the effects of increasing dietary level of CPCC on glucosinolate-induced 
toxicity with a goal of identifying dietary tolerable level of CPCC glucosinolates and 
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a level at which to include CPCC in diets for subsequent studies on the alleviation of 
the negative effects of glucosinolates. An increase in dietary level of CPCC resulted 
in a decrease in ADG and ADFI, an increase in the thyroid gland and liver weights 
relative to live body weight, and a reduction in serum concentration of T4. The 
reduction in ADG of pigs due to dietary inclusion of CPCC was attributed to reduced 
voluntary feed intake, increased metabolic activity in the liver, and reduced 
production of thyroid hormones by pigs. The reduced voluntary feed intake of pigs 
due to dietary inclusion of CPCC could have been due to the bitterness of 
glucosinolates. Glucosinolates are bitter (Mailer et al., 2008; Mejicanos et al., 2016). 
The increased liver weight relative to live BW of pigs due to dietary CPCC is 
attributed to the increased hepatic metabolic activity due to increased absorption of 
glucosinolate degradation products. The increased thyroid gland weight relative to 
live BW of pigs and reduced serum T4 level due to dietary inclusion of CPCC can be 
explained by an increase in metabolic activity of the thyroid gland and the impaired 
uptake of iodine by the thyroid gland for the synthesis of the T4 hormone by the 
glucosinolate degradation products. Inclusion of CPCC in diets at 20% (which 
translated to dietary total glucosinolate content of 2.98 µmol/g) resulted in reduced 
growth performance and increased metabolic activity in thyroid gland. Results from 
previous studies have shown that the tolerable level of SECM or EPCM 
glucosinolates in diets for pigs is 2.60 µmol/g (see Table 2.4). It had been assumed 
that pigs would tolerate greater levels of dietary CPCC glucosinolates because CPCC 
has a high content of aromatic glucosinolates that are considered to be less toxic than 
aliphatic glucosinolates. The reduction in growth performance and the increase in 
metabolic activity of thyroid gland by glucosinolates at 2.98 µmol/g through dietary 
inclusion of CPCC imply that aromatic glucosinolates are also toxic, and that the 
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tolerable level of CPCC glucosinolates by pigs is less than 2.98 µmol/g. Indeed, 
aromatic glucosinolates can be degraded to thiocyanate and indole-3-carbinol (that 
interfere with thyroid and liver function) at neutral pH. The pH of the hindgut of pigs 
used in the second study was not measured; however, the average hindgut pH of pigs 
fed corn-CPCC-based diets in the third study (which was similar to corn-CPCC-based 
diets fed in the second study) was 5.8, which is close to the pH that favors the 
degradation of glucosinolates to indole-3-carbinol and thiocyanate. Dietary inclusion 
of CPCC at 40% was chosen for the subsequent studies because it is at this dietary 
level of CPCC that growth performance, metabolic activity in liver and thyroid 
function were clearly affected by dietary inclusion of CPCC.  
Low pH of the GIT favors the degradation of glucosinolates to less toxic 
products (Agerbirk et al., 1998; Bernardi et al., 2003). Thus, it was hypothesized that 
dietary HA-starch will result in reduced cecal and colonic pH of nursery pigs fed 
CPCC-based diet, leading to increased degradation of glucosinolates by microbial 
myrosinases to less toxic but more health-promoting metabolites. In the third study, 
dietary CPCC increased thyroid gland weight relative to live BW of pigs fed HA-
starch-free diet, but not of pigs fed HA-starch-containing diet. Also, dietary CPCC 
reduced serum T4 level for HA-starch-free diet, but not for HA-starch-based diet. The 
failure of dietary CPCC to increase the thyroid gland weight of pigs fed HA-starch-
containing diet in the third study could be explained by the lack of the effect of 
dietary CPCC on the serum T4 level for HA-starch-containing diet. The lack of the 
effect of dietary CPCC on the serum T4 concentration of pigs fed HA-starch-
containing diet could be attributed to decreased degradation of glucosinolates to 
goitrin and thiocyanate as evidenced by the increase in the degradation of 
glucosinolates to isothiocyanates in the cecum of pigs. Goitrin and thiocyanate 
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interfere with thyroid hormone synthesis, leading to reduced blood concentration of 
T4 and enlargement of thyroid glands (Fahey et al., 2001; Bones and Rossiter, 2006). 
During the production of goitrin and thiocyanate from progoitrin and glucobrassicin, 
respectively, at neutral pH, the latter is first degraded into isothiocyanates, which are 
then converted to the former (Chevolleau et al., 1997; Galletti et al., 2001). Thus, an 
increase in the accumulation of isothiocyanates in incubation medium or the 
gastrointestinal tract digesta implies reduced conversion of glucosinolates to goitrin 
and thiocyanate. The lack of the effect of dietary CPCC on serum T4 level of pigs fed 
HA-starch-containing diet could also have been due to increased degradation of 
glucosinolates to nitriles at the expense of goitrin and thiocyanate. In the third study, 
goitrin and thiocyanate concentrations in the cecal digesta of pigs fed CPCC-based 
diets were not determined. However, cecal isothiocyanate concentration of pigs fed 
corn-CPCC-based diets was negligible. Also, the concentration of nitriles in cecal 
digesta from pigs fed CPCC-based diets without or with HA-starch was negligible. 
The concentration of glucosinolate degradation products in the gastrointestinal tract is 
a function of their rate of production and absorption. Thus, the determination of the 
effects of the gastrointestinal pH on glucosinolate degradation products using porcine 
in vitro fermentation technique can generate relatively more accurate quantitative data 
than the in vivo technique used in the third study. Thus, the fourth study was 
conducted to determine the effects of reducing the pH of porcine in vitro fermentation 
medium on the composition of glucosinolate degradation products derived from 
canola co-products.  
In the fourth study, a reduction in the pH of fermentation medium from 6.2 to 
5.2 resulted in an increase in the production of indole-3-acetonitrile. This increase in 
nitrile production due to the reduction in fermentation medium pH could partly 
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explain the failure of CPCC to increase thyroid gland weight and reduce serum T4 
level in the third study. Also, this increase in nitrile production due to reduction in 
fermentation medium pH in the fourth study implies that the negligible levels of 
nitriles in cecal digesta of pigs fed CPCC-based diets in the third study were due to 
their lower rate of production than absorption. The reduction in the fermentation 
medium pH from 6.2 to 5.2 in the fourth study did not affect the production of 
thiocyanate from the canola co-products, and the reason for this is not clear. Goitrin 
production was not determined in the fourth study. Thus, further research is warranted 
to determine the effects of different pH conditions on in vitro production of 
thiocyanates and goitrin from canola co-products glucosinolates. 
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CHAPTER ELEVEN 
CONCLUSIONS AND FURTHER RESEARCH 
 
Fiber-degrading enzyme supplementation may increase in vitro digestibility 
but can reduce fermentability for canola co-products, implying that supplemental 
fiber-degrading enzyme can shift the digestibility of canola co-products from 
microbial fermentation towards gastric and pancreatic enzyme digestion and 
potentially improve the efficiency of nutrient utilization in canola co-products for 
pigs. Dietary inclusion of CPCC can reduce growth performance, voluntary feed 
intake and also increase liver and thyroid gland weights relative to live BW of pigs 
and reduce serum T4 hormone synthesis. The increased liver weight relative to live 
BW of pigs due to dietary CPCC implies increased hepatic metabolic activity of 
detoxification enzymes in the liver due to an increase in the absorption of myrosinase-
catalyzed toxic degradation products of glucosinolates from the gastrointestinal tract 
of pigs. The increased thyroid gland weight relative to live BW of pigs and reduced 
serum T4 level due to dietary CPCC imply increased metabolic activity of the thyroid 
gland and the impaired uptake of iodine by the thyroid gland for the synthesis of the 
T4 hormone. The unaffected thyroid gland weight relative to live BW of pigs fed 
CPCC-based diet due to dietary HA-starch implies that dietary CPCC diet did not 
impair iodine uptake by the thyroid gland for T4 hormone production. The unaffected 
serum T4 level of pigs fed CPCC-based diet due to dietary HA-starch implies 
decreased degradation of glucosinolates to goitrin and thiocyanate. The increased 
production of indole-3-acetonitriles, but unaffected thiocyanate production from 
SECM-derived glucosinolates due to a reduction in fermentation medium pH from 6.2 
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to 5.2 implies reduced toxicity of glucosinolates in SECM at low pH. Overall, the 
results of this current thesis research demonstrate that fiber-degrading enzymes can be 
supplemented to diets for pigs to improve the efficiency of nutrient utilization in 
canola co-products and that dietary HA-starch fed in the current study can be 
potentially used to alleviate the anti-nutritional effects of dietary CPCC on thyroid 
gland functions of nursery pigs. 
In this current thesis research, it had been hypothesized that fiber-degrading 
enzyme supplementation is more effective in improving nutrient utilization in CPCC-
based diets than in SECM- or EPCM-based diets, and that glucosinolates-induced 
toxicity of canola co-product in pigs can be ameliorated by decreasing cecal and 
colonic pH through dietary inclusion of resistant starch. The hypotheses of this thesis 
research have partially been supported by the results because fiber-degrading enzyme 
supplementation enhanced the efficiency of nutrient utilization in canola co-products, 
and the negative effects of dietary CPCC on thyroid gland functions of pigs were 
ameliorated by dietary HA-starch. 
 
FURTHER RESEARCH 
 
Further research is suggested to determine: 
1. Effects of feeding low-and high-fiber particle fractions of air-classified canola 
co-products on nutrient utilization by nursery pigs. 
2. Effects of reducing the hindgut pH through highly fermentable dietary fiber on 
the toxicity of glucosinolates in nursery pigs fed CPCC-based diet.  
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3. Effects of dietary glucosinolates on voluntary feed intake of pigs to confirm 
whether the reduced voluntary feed intake of pigs is due to glucosinolates-induced 
bitterness.     
4. Effects of dietary glucosinolates on the metabolic activity of hepatic phase II 
detoxification enzymes to confirm that whether the increased liver weight of pigs 
is due to induced hepatic metabolic activity of pigs due to dietary inclusion of 
canola co-product-derived glucosinolates. 
5. Effects of dietary glucosinolates on the enlargement of thyroid gland of pigs to 
establish whether the increased thyroid gland weight is due to the elevated release 
of thyroid-stimulating hormones by the pituitary and reduced thyroid hormone 
synthesis due to dietary inclusion of canola co-product-derived glucosinolates. 
6. Effects of dietary glucosinolates on total excretion of N-acetylcysteine 
conjugates (urinary isothiocyanate metabolites) in urine to establish whether the 
increased cecal isothiocyanate concentration of rats or pigs is correlated to the 
concentration of excreted isothiocyanate conjugates in the urine of rats or pigs. 
7. Effects of different oil extraction methods (solvent extraction, expeller or cold 
pressing) on the total content of toxic glucosinolate degradation products in canola 
co-products to confirm whether the composition of degradation products of 
glucosinolates is dependent on the extent of thermal treatment during the process 
of oil extraction.  
8. Effects of glucosinolate type (aliphatic vs. indolic glucosinolates) and different 
pH conditions on the composition of glucosinolate degradation products using 
purified progoitrin and glucobrassicin that are derived from canola co-products to 
 
 
 
172 
establish which pH conditions favor the formation of less toxic glucosinolate 
degradation products.  
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